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In this thesis, various surface characterization techniques were applied to study the 
adsorption of organic molecules and precursors on surfaces. In the first part, we report the 
organic functionalization of reconstructed diamond surfaces by various organic 
molecules. In the second part, we study the direct deposition of molybdenum sulfide and 
molybdenum germanide materials using a single source precursor. 
The chemical, electronic and vibrational properties of multi-functional organic 
molecules attached on diamond surfaces have been studied using combined HREELS and 
synchrotron radiation spectroscopy. Our results demonstrated that the diamond surfaces 
can be efficiently functionalized by the covalent attachment of the multi-functional 
organic molecules. The clean diamond (100) surface is transformed from a condition of 
positive electron affinity to negative electron affinity by the addition of these organic 
molecules. The organic-adsorbed surface shows a secondary electron yield that varies 
between 12- 40% of the yield obtained from a fully hydrogenated diamond surface. 1,3-
butadiene forms a more stable adlayer on the diamond compared to the other organic 
molecules, due to the more favourable [4+2] mode of cycloaddition. The chemisorption 
of aromatics on clean diamond (111) surfaces is influenced largely by end groups. Their 
effects could be summarized into two parts: 1. the electron-donation of the methyl group 
in toluene, which enhances [4+2] reaction in which the phenyl ring acts as a diene; 2. the 
preservation of conjugation in the phenyl acetylene reaction product, when the 
cycloaddition proceeds through the C≡C instead of the phenyl ring.  
    We show that C60 can be covalently bonded to reconstructed C(100)-2×1 and the 
bonded interface is sufficiently robust to exhibit characteristic C60 redox peaks in 
solution. The bare diamond surface can be passivated by the covalently bound C60 against 
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oxidation and hydrogenation. However C60F36 is not as stable as C60 and is desorbed 
below 300°C, whereas the latter is stable to 500°C on the diamond surface. On the 
hydrogenated surface, both the C60 fullerite film and C60F36 do not form a reactive 
interface and are desorbed below 300°C. The surface transfer-doping of the hydrogenated 
diamond by C60F36 is the most evident among all the adsorbate systems studied in this 
work, with a coverage-dependent band bending induced by C60F36. 
    We report, for the first time, the direct deposition of crystalline molybdenum sulfide 
(MoS2) using a single source precursor based on tetrakis-(diethylaminodithiocarbomato)-
molybdate (IV). The chemistry of this precursor adsorbed on a range of substrates 
(silicon, germanium, gold-coated germanium, nickel, etc) has been studied using in-situ 
X-ray Photoelectron Spectroscopy. The Mo(Et2NCS2)4 precursor can be evaporated at 
300°C. Its vapor decomposes on most surfaces by 400°C to form crystalline MoS2. Using 
this method, high quality, basal plane-oriented MoS2 can be grown on nickel by a one-
step thermal evaporation process. Interestingly, choosing elemental substrates which 
form an eutectic alloy with gold favors the elimination of sulfur from the MoS2 film. This 
results in the Mo intermetallic compound formation at the eutectic temperatures of the Au 
and substrate element. Unprecedented low-temperature growth of tetragonal MoSi2 or 
orthorhombic MoGe2, on Au-coated silicon or germanium, respectively, has been 
obtained via this eutectic phase-mediated diffusional reaction. Hollow carbon nanofibers 
are produced if the precursor is dosed onto Au-Si substrate at 1000 °C, mediated by the 
catalytic effect. 
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Chapter 1 Introduction 
 
       
    Modern surface analytics have provided us with a wide variety of choices for 
investigating the physical and chemical phenomena occurring at surfaces. Rapid 
progress in surface science techniques has afforded a greater in-depth study to 
industrial problems such as heterogeneous catalysis. Understanding charge transfer 
and energy alignment, as well as thin film formation at surfaces and interfaces are 
also important for solar cells, biological materials and semiconductor devices. One of 
the main challenges of fabricating better performing electronic devices is to down-
size the dimensions of the chips and their key components, such as the channel length 
of the field effect transistor. Currently, technology is advancing to a channel width of 
45 nm. At such nanometer length scale, the electronic process occurs largely on the 
surface region. Thus, to achieve greater precision in the fabrication of miniaturized 
electronic devices in a controlled fashion, there is a need to understand surface 
phenomena with atomic sensitivity.1 In many cases, such insight would allow the 
discovery and utilization of new materials. 2 
    Recently, chemical or biological modification of semiconductor surfaces has 
attracted much attention. Such modification can be motivated by the need to passivate 
the surface or modify its electronic or chemical properties, or to impart bio-
recognition properties in the case of making sensors. For example, the functionalized 
carbon nanotube has been found to be a good candidate for electrochemical 
biosensors such as amperometric enzyme electrodes, immunosensors and DNA 
sensing devices3. Semiconductors, with their wide application in microelectronic 
devices and availability in various forms and microstructures, provide a versatile 
platform for organic-inorganic hybrid devices. On the other hand, the organic layers 
2 
will influence the properties of the device. For example, a bio-reactive self-assembled 
monolayer covalently bonded on a Si surface can be used for making multi-array 
sensor chips.4,5 The organic functionalization of semiconductor surfaces is often of a 
covalent nature, including Diels-Alder reaction6 and amine N-H bond dissociation6 on 
hydrogen-free surfaces, and radical attachment on hydrogenated surface mediated by 
diacyl peroxide7, UV-irradiation8, or the reduction of diazonium salts9.  
    Compared to silicon and germanium, diamond is the least understood Group IV 
semiconductor, partly due to the value of natural diamond. However, man-made 
diamonds are now readily available due to the breakthrough in Chemical Vapor 
Deposition (CVD).10 Meanwhile, by varying CVD conditions, synthetic diamond 
morphology can be controlled: single crystal, polycrystalline and even nanocrystalline 
diamonds are now available, with a variety of surface orientation11,12. Another factor 
that has generated much interest in the study of diamond is its unique properties. First, 
diamond is the most robust and inert semiconductor. Second, it has a wide electro-
chemical potential window, suitable for application in bioelectronics13, biosensor14, 
and as a pH sensor15. Third, diamond is the only group IV semiconductor with a wide 
band gap (5.5eV). The wide band gap is a prerequisite for diamond to exhibit special 
surface properties such as surface conductance and negative electron affinity, which 
will be discussed later.   
  
1.1 Diamond Surface Structure and Properties 
1.1.1 Diamond Surface Structure 
      The bulk diamond network is formed by sp3 hybridized carbon atoms each 
covalently bonded to three neighboring carbon atoms in the tetrahedral coordination. 
The crystal structure is the face-centered cubic Bravais lattice with a lattice constant 
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of a=3.567Å, while the distance between nearest neighbors is 1.545 Å.16 The basis of 
this structure can be regarded as two carbon atoms commonly placed at positions 
[0,0,0] and [1/4, 1/4, 1/4]  of the cubic unit cell, as shown in Figure 1.1. As all the 
four valence electrons in a carbon atom contribute to the covalent bonding, the 
diamond valence band is separated from the unoccupied conduction band by 5.47 eV, 
thus falling into the category of wide band gap semiconductor.17 Meanwhile, the 
strong covalent network of the diamond also contributes to its hardness and chemical 
inertness.  
                   
Fig.1.1 Schematic diagram of a diamond unit cell 
     
    The two most important surfaces for diamond are the (100) and the (111) 
surfaces. They are the most prevalent crystal faces exhibited in well-faceted 
polycrystalline CVD diamond, and can be selectively grown by CVD with 
appropriately controlled parameters.18 The diagram of hydrogenated and bare (100) 









Fig.1.2 Schematic diagram of diamond (100) surfaces. (a): diamond (100)-1×1 
dihydride surface; (b): diamond (100)-2×1 monohydride surface; (c): diamond (100)-
2×1 hydrogen free surface. 
 
The bulk-terminated (100) surface would be the unreconstructed 1×1 dihydride 
surface, in which each surface atom is terminated with two hydrogen atoms (Fig.1.2-
(a)). This surface can be prepared by acid cleaning19. This surface will reconstruct 
into 2×1 monohydride geometry upon annealing to 800oC in vacuum20. On the 
diamond (100)-2×1 surface, neighboring surface atoms form π–bonded dimers and are 
arranged in rows (Fig.1.2-(b)). Further annealing to above 1000oC will result in 
further hydrogen desorption from the surface, and the formation of hydrogen-free 
(100)-2×1 surface (Fig.1.2-(c)).21 At this stage, the two dangling bonds formed by 
hydrogen desorption from the dimer pair would overlap in a way similar to a π–bond. 
Meanwhile, the C-C bond length in the dimer has been found to be 1.37Å, almost 
equal to the length of a C=C bond in a hydrocarbon molecule22. Therefore, the 
hydrogen free diamond (100) surface dimer may behave like a C=C double bond. 
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This forms the basis of the covalent organic functionalization of diamond used in the 
current work, which will be intensively discussed later.  
The coupling of surface dangling bonds to a π–bonded dimer would induce the 
bonding-antibonding splitting between occupied and unoccupied π–orbitals. As the 
dimers are arranged in rows, there is a weak interaction between dimers, which would 
finally result in a surface band structure with a 1.3eV gap between occupied and 
unoccupied surface states.23 The unoccupied surface states of the diamond (100)-2×1 
surface can be observed by Near-edge X-ray Absorption24. In n-type diamonds, they 
are expected to act as electron acceptor, and can induce strong upward band bending 
on the hydrogen free diamond (100) surface.25 
The diamond (111) surface is the lowest energy cleavage plane of diamond. A 
hydrogen-terminated (111) surface undergoes hydrogen desorption and a rapid 
transition from the 1×1 to the 2×1 phase upon annealing to 1300K, according to 
several LEED (Low-energy Electron Diffraction) studies21,26-27. However, different 
termination of the diamond (111)-1×1 surfaces has been proposed, probably due to 
the various surface preparation conditions. For example, the as-polished hydrogen 
terminated diamond (111) surface structure was believed to be CH3 terminated, 
according to the HREELS study of Waclawski et al.27. The microwave plasma 
assisted CVD grown diamond (111) surface was also investigated by HREELS28 and 
found out to be CH3 terminated. On the other hand, Lee and Apai21 observed a 
mixture of CHx species in their in-situ atomic hydrogen adsorption on C(111) 
experiments. Monohydride-terminated surfaces could also be prepared by atomic 
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hydrogen adsorption29, as reported by Chin et al. in an infrared-visible sum-
frequency-generation spectroscopy study.  
In the case of the hydrogen-free, reconstructed diamond (111) surface, the π–
bonded Pandey chain geometry has been generally accepted. This structure is 
characterized by the zig-zag chains in the top two layers. A schematic diagram of the 
diamond (111)-2×1 Pandey chain structure is presented in Fig. 1.3. The π interactions 
along the chains would lead to a dispersion of the occupied and empty surface bands. 
For example, Himpsel et. al. characterized the surface states on the diamond (111)-
2×1 surface using angle-resolved photoemission30. These surface states were found to 
cover a range of about 2eV, with maximum emission intensity 1eV below the bulk 
valence band maximum in normal emission. Using angle-resolved two-photon 
spectroscopy, Kubiak et al. observed a normally unoccupied electronic state in the 










Fig.1.3 Schematic diagram of the Pandey Chain structure of the hydrogen free 
diamond (111)-2×1 surface. 
 
 
1.1.2. Diamond Surface Properties 
1.1.2.1 Negative Electron Affinity (NEA)  
    The electron affinity χ is the energy difference between the conduction band 
minimum (CBM) and the vacuum level (VL). The electron affinity of a surface can be 
modified by the absorption of surface species such as atoms and molecules to 
introduce a surface dipole layer. A surface with negative electron affinity (NEA) has a 
VL lower than the CBM. Thus, when an electron is raised from the valence band to 
the CBM, it is free to be emitted into the vacuum32. Hence, surfaces with NEA can be 
used in devices like photo-cathodes, secondary electron emitters, and cold cathode 
photo-emitters. In addition, photoemission is a highly sensitive tool to detect NEA, 
such as the observation of a secondary electron emission peak observed in ultra-violet 
photoelectron spectroscopy (UPS). 
Among all the Group IV semiconductors, diamond is unique in that it has true 
NEA resulting from its wide band gap and hydrogen termination. The lowering of the 
electron affinity through hydrogen termination can be well explained by a surface 
dipole model.33 Another contributing factor affecting the electron emission from the 
diamond surface is surface band bending. The potential difference of the Fermi level 
between the surface and bulk would affect the electron or hole diffusion to the 
surface. For example, NEA was not observed on n-doped hydrogenated diamond 
(111)-2×1 surfaces, due to strong upward band bending.35 A clear  energy diagram of 
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hydrogenated and hydrogen-free diamond (100) and (111) surfaces, both for p and n 
type diamond, can be found in reference 35. The origin of the electron affinity 
difference on the hydrogenated and the bare p-type diamond (100) surfaces is 
illustrated in Fig. 1.4. 
 
Fig 1.4 Energy band diagram of (a) Diamond (100)-2×1-H, b-doped, and (b) bare 
Diamond (100)-2×1, b-doped, showing the origin of electron affinity difference on 
these two surfaces. 
  
    It is well-known that the hydrogenated diamond surface has NEA while the bare 
diamond surface has positive electron affinity (PEA), this includes both C(100)34-35 or 
C(111)33, 36 surfaces. Therefore, the NEA of a diamond surface can be tuned by 
varying the surface coverage of hydrogen33-34. Moreover, the electron affinity (EA) of 
diamond surfaces can be adjusted from NEA to positive electron affinity (PEA) 
through a mixture of hydrogen and oxygen coverage37. Another way to decrease the 
EA of the bare diamond surface is to deposit electro-positive metals like titanium38 






















    In this thesis, the electron affinity of diamond surfaces was modified through the 
covalent attachment of organic molecules. The electron affinity may be tuned based 
on both the surface coverage of a molecule and the surface dipole imparted by various 
functional groups. Moreover, we demonstrate that such NEA through hydrocarbon 
termination is more readily reversible than metal termination through mild annealing. 
Using this approach, we can combine the diamond surface functionality with its 
unique electronic properties in a controlled fashion. 
 
1.1.2.2 Surface Conductivity 
Surface conductivity due to transfer-doping is another unique surface property 
observed in diamond. This phenomenon was first observed on intrinsic diamond 
surfaces which have been exposed to air40-42. The surface transfer-doping model40-42 
was invoked by Ristein to explain the occurrence of p-type surface conductivity on 
perfectly insulated diamond surfaces. According to this model, in order for an 
intrinsic diamond to exhibit p-type surface conductivity, the presence of both surface 
C-H termination and a wetting layer with high electron affinity are necessary42. 
Although   diamond is a wide band gap semiconductor (5.47eV), the C-H dipole on 
hydrogen-terminated diamond decreases the ionization potential (IP) of the diamond 
to 4.2eV41-42. When the diamond is exposed to a wet atmosphere,40-44 high electron 
affinity molecules such as tetrafluoro-tetracyanoquinodimethane (F4-TCNQ) are 
adsorbed into its surface45--48  and electrons can be transferred from the diamond to 
these adsorbates if the electron affinity of the adsorbate is higher than the ionization 
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potential of the diamond46. This generates a hole accumulation layer on the diamond 
surface, resulting in p-type surface conductivity (Fig.1.5). 
 
Fig 1.5 Schematic drawing of the evolution of band bending during the electron 
transfer at the interface between diamond surface and adsorbed water layer. 
 
The transfer-doping of hydrogenated diamond surfaces by C60 and fluorinated 
fullerenes has been recently studied both experimentally46--48 and theoretically49-51. 
Although the electron affinity of an isolated C60 molecule is only 2.7eV52, C60 has 
been predicted to be capable of extracting electrons from hydrogenated diamond 
surfaces based on the theoretical results of cluster calculation52 and supercell 
formalism.53 Sque et al.53 reported that when C60 was adsorbed as a monolayer on a 
hydrogenated diamond, the electron affinity of the C60 fullerite film increases to 4.2 
eV due to many body effects, and the ionization potential of the diamond will be 
further lowered. In this case, the LUMO of C60 will be lowered to 0.04eV below the 
diamond valence band maximum at the Г point, thus enabling the electron transfer. A 
thicker layer of C60, with its even higher electron affinity, was predicted to be able to 
further increase the possibility of electron transfer.53 On the other hand, due to the 
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the diamond can occur at lower coverage of C60F36 compared to C60.53,54 These 
theoretical predictions agree well with experimental current-voltage measurement 
results55 which showed that even though the formation of solid fullerite is required for 
C60 to be an efficient transfer dopant, C60F48 acts as a surface acceptor even in the 
molecular form49. A systematic investigation by Ristein and co-workers shows that 
the doping efficiency across C60, C60F18, C60F36, and C60F48  increases with higher F 
content, however the thermal stability decreases in the same sequence.50 In order to 
improve the thermal stability, one way is to deposit dielectric capping layers such as 
SiO, CaF2, and Si3N4 on these adsorbates.50,56 In this case, the surface conductivity 
induced by C60 and fluorinated fullerenes is kept stable up to 200-350oC, which is 
much more stable than that induced by moisture, which is lost at 60 oC.57 
 
1.2 Organic Functionalization of Diamond Surfaces 
  There are several routes through which surface functionalization can be 
achieved. Wet chemical reactions, such as treatment with benzoyl peroxide (as a 
radical initiator58) together with dicarboxylic acid, can attach carboxylic groups onto 
diamond surfaces59.  Oxygen plasma and anodic oxidation are other methods to 
introduce oxygen-containing functional groups, such as –OH and C=O.60 Amino 
groups can be directly generated on diamond surfaces in NH3 plasmas61, and can 
further immobilize peptides on diamond electrode surfaces62.  
  UV light initiated coupling of vinyl groups (C=C) on hydrogenated diamond 
surfaces, first established by Strother and co-workers63, is one of the most widely used 
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reactions to introduce functionality onto diamond surfaces. This reaction mechanism 
is motivated by the principle that photo-attachment reactions can be initiated via 
photo-excitation of electrons and holes in the surface space-charge region, followed 
by nucleophilic attack by an alkene at the surface.64 This method is both reliable and 
versatile, which can be attributed to the strong C-C bond formed between the diamond 
surface molecule and wide choices of functionalized alkenes. The functional groups 
(such as amino groups) introduced by the reaction can then serve as the starting point 
of further linkage to more complex structures like proteins65 and even cells66. Direct 
photopatterning of molecular monolayers has also been investigated based on this 
method67.  
  Another commonly-used method is the electrochemical reduction of 
aryldiazonium salts on diamond. The diamond surface functionalized in this way can 
also covalently attach DNA and proteins68-69. Another possible application is to 
fabricate biomolecular arrays on the diamond surface with the help of an 
electrochemical step to control the surface functionalization70. Recently, by 
aryldiazonium salts modification of diamond surfaces followed by Suzuki coupling, 
Zhong and co-workers71 demonstrated a diamond-fullerene photocurrent convertor. 
This opens the possibility of using diamond in molecular electronics and 
photovoltaics. 
  In contrast with the above mentioned routes where chemical attachment occurs 
on hydrogenated diamond surfaces, in this thesis, we explore the “cycloaddition” of 
unsaturated hydrocarbons on hydrogen-free diamond surfaces. The first step of this 
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method is to prepare the π-reconstructed hydrogen-free surface by annealing in ultra 
high vacuum (UHV). This is followed by the dosing of organic molecules onto the 
diamond (100)-2×1 surface. Chemical functionalition via this route is highly versatile, 
controllable and reversible. More importantly, with the help of various in-situ surface 
characterization techniques, we can obtain a fundamental understanding of the 
reactivity of the reconstructed diamond surfaces. 
 
1.2.1 Cycloaddition of Diamond (100)-2×1 Surface with the Unsaturated Bonding 
in Organic Molecules 
  Cycloaddition reactions constitute a powerful method for the formation of C-C 
bonds and could provide a means for the controlled functionalisation of π-
reconstructed diamond surfaces. It has been proposed that the reconstructed, clean 
C(100)-2×1 surface is ideal for studying the Diels-Alder reaction because the dimer is 
unbuckled. Several calculations show that the diamond (100) dimer π-bonding energy 
is about 117 kJ/mol while that of ethylene is 234 kJ/mol72,73. The π interactions on Si 
and Ge surface are even weaker, eg. only 20–40 kJ/mol for Si(100)74. Therefore, 
when reacting through the π-bond, the diamond surface dimer should be more reactive 
than ethylene, but less reactive than Si(100) or Ge(100). This has been supported by 
experimental studies77.  
  If we consider the dimer structure of C(100)-2×1 surface to behave identically 
with a C=C bond in a Diels-alder reaction, such reactions should obey the Woodward-
Hoffman rule. This rule is used to predict the stereochemistry of pericyclic reactions 
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which include electrocyclic reactions, cycloadditions, and sigmatropic reactions. In 
1965, Woodward and Hoffman suggested that these reactions were driven by 
conservation of orbital symmetry: the maintenance of maximum bonding interactions 
by transferring electrons between molecular orbitals of the same symmetry in reactant 
and products78. When the rule is applied to cycloadditions, it predicts the facial 
selectivity of such reactions. If both newly formed bonds are generated by attack from 
the same face of the π system, the formation is called suprafacial. Otherwise, the 
orientation of the newly formed bonds is called antarafacial, During a supra-supra 
attack, the π systems of both components are nearly parallel, thus allowing for optimal 
overlap of the orbitals, such as in a thermal cycloaddition with 4n+2 π electrons 
participating in the starting material.. In the case of an antara-supra facial attack, the π 
system of the antarafacial component is initially located vertical to the suprafacial 
reacting partner. For steric reasons, such an arrangement is difficult to realize in most 
cases and the overlap is less effective. Therefore, supra-antara cycloadditions are 
relatively rare, even when allowed. An antara-antara overlapping configuration of 
reaction partners is even more difficult to achieve. If we consider the diamond surface 
dimer to be identical to a C=C bond, it contains two π–electrons. Therefore, a [4+2] 
addition with a conjugated molecule such as 1,3-butadiene would be symmetry- 
allowed in a cycloaddition. However, in reality both [4+2] and [2+2] cycloaddition 
were observed on diamond surface, showing that diamond surface dimer may not be 
identical to a C=C in ethylene in terms of reactivity. Alternatively, such a reaction 
may involve a different mechanism: instead of being a concerted reaction in which all 
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the bond breaking and forming occur together, the reaction may actually progress 
through radical transition state.  
  Diels-Alder reactions on clean diamond (100) 2×1 have been investigated 
previously by Hossain and co-workers75. Their EELS studies showed that 1,3-
butadiene readily chemisorbed on the C(100)-2×1 surface by [4+2] type 
cycloaddition, but the [2+2] cycloadditions of ethylene, ethyne and benzene to the 
(100)-2×1 surface were not favored because it is symmetry-forbidden. As a result, 
they concluded that the orbital symmetry of the reacting species determines the 
reaction probability. This conclusion was supported by the FTIR study of Wang and 
co-workers.76 Hovis and coworkers77 studied the reaction of cyclopentene with 
diamond and demonstrated using FTIR spectroscopy that a [2+2] cycloaddition 
product can be generated. However, they reported that the sticking coefficient of 
cyclopentene on diamond is in the order of 10-3, which is several orders of magnitudes 
lower than that of Ge and Si. The lower reaction probability on diamond compared to 
Si and Ge is probably associated with its larger band gap and the absence of dimer 
tilting on its surface; dimer tilting facilitates the ability of the impinging nucleophilic 
reactants to find a low symmetry pathway to the final [2+2] reaction product.79-84. The 
very low sticking coefficient, however, was commented by Carbone85 to be caused by 
the adsorption of cyclopentene on defects rather than dimers. Calculations by Cho et 
al.82 showed that the reaction barrier for the cycloaddition of C2H4 on C(100) is as 
high as 0.9eV, and the sticking coefficient is lower than 10-15 at room temperature.  
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  Recently, several findings enabled an in-depth understanding of the unique 
diamond surface dimer reactivity. The acrylonitrile adsorption experiment86 showed 
that on diamond surface (100)-2×1, the chemisorption proceeded through the 
cycloaddition with C=C group, very similar to the case of cyclopentene. However, on 
silicon (100)-2×1, the chemisorption occurred through the dipolar nitrile group, 
probably due to the zwitterionic character of the surface. This indicates that the 
diamond surface dimer behaves like a true molecular double bond, and that difference 
in dimer structure can indeed lead to different reactivity. Another interesting study is 
the different reaction mechanism of 1,2-cyclohazanedione with diamond and silicon 
(100) surfaces87. This study further confirms the covalent vs. zwitterionic character of 
these two surfaces, resulting from the difference in dimer structures. 
 
1.2.2 Reactivity of diamond (111)-2×1 Surface toward Unsaturated Molecules 
There are few reports on the chemical modification of diamond (111)-2×1 
surface by the adsorption of organic molecules. The reported studies on the diamond 
(111)-2×1 surface reactivity mainly focused on the adsorption of radical species, such 
as H88,89, CH388,90, CH288, C2H88, C2H288, and O291. The purpose of such studies is to 
elucidate the growth mechanism of the diamond (111) surface, which is important in 
determining the morphology of diamond films. However, besides being the natural 
cleavage plane, the reconstructed diamond (111)-2×1 surface has one unique feature 
compared with the diamond (100) surface: the “Pandey Chain” structure. As predicted 
by Yang et al.92, the π–bonded chain and its interaction with organic adsorbates may 
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provide a template to assemble 1D structures, in a similar fashion as the formation of 
ordered organic monolayers on a Si(100) surface through chemical bonding with  its 
dimer93,94. For example, C2H2 was predicted to self-assemble on top of the Pandey 
chain of diamond (111)- 2×1 forming a polyethylene structure, through the chemical 
interaction with the surface state92. On the other hand, a hydrogen-terminated single 
crystal diamond (111) surface has been demonstrated to covalently bond with 
molecules with a terminal vinyl group (C=C) through irradiation with 254nm UV 
light.95 Therefore, it would be of both fundamental and practical interest to investigate 
the reactivity of reconstructed diamond (111)-2×1 surface towards the adsorption of a 
variety of molecules in UHV. 
 
1.2.3 Chemisorption of Unsaturated Molecules on Silicon Surfaces 
  The adsorption of unsaturated molecules on silicon surfaces has been extensively 
studied, not only because silicon is the most important semiconductor material. 
Technically, it would be easier to elucidate the surface reaction occurring on silicon 
surface compared with diamond. Due to the smaller band gap of silicon (1.1eV), and 
the availability of effective ways to introduce p and n-type doping, bare silicon 
surface is more conductive than diamond. Therefore, bare silicon surface freshly 
prepared and after exposure to organics can be readily imaged through STM 
(Scanning Tunneling Microscope), providing direct understanding of the adsorption 
profile96-97. Compared with silicon, only a few studies have investigated the imaging 
of bare diamond surface using STM. It has been demonstrated that atomic resolved 
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STM topography can be obtained on bare diamond surface only at higher than +5.9V 
of bias to overcome the work function, and only within a narrow dias voltage range98-
99. Probably due to the stringent condition to obtain the STM image of bare diamond 
surfaces, no STM imaging of organics adsorbed on bare diamond surfaces has been 
reported till now. Meanwhile, the difference between C1s spectra of a molecule 
multilayer and after its chemisorption on silicon surfaces is useful in understanding 
the details of the bonding of the molecule on the surface. However, on diamond 
surface the strong C1s signal from the substrate will shadow the signals from the 
adsorbed molecule, thus complicating the explanation of the C1s spectra. Therefore, 
the reactivity of silicon surface toward unsaturated molecules is better understood 
than diamond. Belonging to the group IV semiconductors, both diamond and silicon 
share the same tetrahedral coordinated bulk structure and the reconstructed, bare (100) 
surfaces consist of dimer rows. In view of the similarity of the reconstructed surfaces, 
the surface chemistry on silicon surface provides a good reference point for the study 
on diamond surface. 
The surface structure and reactivity of (100) and (111) surfaces on silicon and 
diamond are not identical. On one hand, the existence of empty nd orbitals in silicon 
permits five- fold and six-fold coordination. The π–bond in Si=Si dimer is quite weak, 
and its reaction can be considered to be more of a bi-radical mechanism100. On the 
other hand, the tilted dimer structure on bare Si (100) surface resulted in charge 
transfer from the “down” atom to the “up” atom. Meanwhile, the bare silicon (111) 
surface is most stable when it forms 7×7 reconstruction, where each unit cell contains 
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12 adatoms each with dangling bond. Therefore, both the reactivity of adatom sites101 
and the distance between Si-Si102-103 will affect the adsorption sites on Si (111)-7×7 
surfaces. Due to these reasons, the sticking probability of unsaturated molecules on 
clean silicon surface is expected to be higher than that on diamond surfaces. For 
example, the sticking coefficient of cyclopentene adsorption on diamond was found to 
be 10-3 times lower than that on silicon and germanium77,.  
It has been shown in many studies that both Si (100)-2×1 and Si (111)-7×7 surfaces 
provide a reactive template for the adsorption of aromatic molecules though either 
[4+2] or [2+2] cycloadditions. The cycloadditions occur on the dimer107 (2×1 surface) 
or the bi-radical formed by adjacent adatom-rest atom pair (7×7 surface)108. The 
double bond involved in the chemisorption on silicon surfaces is not only limited to 
C=C but includes other functional groups like azo (N=N)104, isocyanate (N=C=S)105 
and carbonyl (C=O)106 groups. Considering that simple molecules with conjugated 
double bonds such as 1,3-butadiene have been proven to bind via the [4+2] 
cycloaddition on the diamond (100)-2×1 surface, it would be interesting to understand 
if larger conjugated molecules can react on the surface in a similar fashion. To date, 
the chemical adsorption of aromatic molecules has not been reported on hydrogen-
free diamond surfaces, but has been studied extensively on more available and 
reactive Si and Ge surfaces. Studies show that these molecules can be chemically 
attached to the dangling bond of the bare semiconductor surface, but the reaction 
pathway is affected by the individual molecule structure, such as the preservation of 
conjugation in the chemisorption product. 
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  The adsorption of benzene109-111 or toluene111 would normally involve a [4+2] 
addition in which two of the conjugated C=C bonds in the benzene ring break and 
form σ–bonds with the surface Si or Ge atoms, thus destroying their aromaticity. For 
aromatic molecules with one C=C conjugated to the phenyl ring, such as styrene, 
there are different mechanisms on Si (100)-2×1 and Si (111)-7×7 surfaces: the former 
involves [2+2] with dimer through the end vinyl group107, whilst the latter involves 
[4+2] with the external C=C and its conjugated C=C in the phenyl ring108,112. The 
preservation of the delocalized π-system would be preferred in electronic applications 
because the loss of π-conjugation in the adsorbed molecule would decrease its 
electron-transfer capabilities. Moreover, for aromatic molecules with C≡C or C≡N 
conjugated to the phenyl ring, such as phenyl acetylene108,112, or benzonitrile113, the 
chemical adsorption would only proceed through [2+2] of the unsaturated end group, 
because this reaction path will produce a highly conjugated styrene-like structure. 
Such results suggest that for large unsaturated molecules like oligomers or polymers, 
the attachment of such molecules on a semiconductor surface may not greatly change 
their electronic structure, as the attachment may only occur at a site and not in the 
delocalized π-electron system. A fourth case would be the dissociative adsorption of 
aromatic molecules like benzoic acid and aniline114. The preference of deprotonation 
over cycloaddition can be explained by the preservation of aromaticity and 
minimization of steric hindrance for an aromatic molecule with a reactive external 
group. In summary, chemical adsorption of aromatic molecules on reconstructed 
semiconductor surfaces provides a good variety of surface organic functionalities, 
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such as nanopatterning115, or the introduction of surface chirality116. Therefore, we 
have included a series of aromatic molecules in our study to extend our understanding 
of their chemical adsorption behaviour to the diamond (100)-2×1 surface. 
  
1.3 Surface Vibrational Studies on Diamond Surfaces 
Surface vibrational study techniques include Fourier-transform infrared 
spectroscopy (FT-IR), Raman spectroscopy, vibrationally resonant sum frequency 
generation (SFG) and high-resolution electron energy loss spectroscopy (HREELS). 
The spectral range of these techniques is typically 400-4000cm-1 (50-500meV), 
corresponding to the vibrational modes of various organic bonds. The signal from the 
sample surface can be enhanced relative to the bulk, for example by using attenuated 
total reflection infrared spectroscopy and surface enhanced Raman spectroscopy. 
Various vibrational spectroscopic techniques can complement one another for a full 
understanding. For example, in FT-IR, only those vibrational modes having vibrating 
dipole components normal to the surface are active, this also applies to the dipole 
scattering mechanism of HREELS. However, the vibration modes forbidden in the 
above scenarios can be detected in the off-specular HREELS spectra, due to the less 
stringent selection rules in the impact scattering. This is useful in estimating the 
orientation of the adsorbed molecules. On the hydrogen terminated diamond surface, 
impact scattering can actually become the dominant mechanism, according to Thoms 
and Butler’s HREELS study122. Therefore, due to their versatility and wide 
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availability, these techniques have been widely used to probe the diamond surface 
structure and organic functionalization.  
Surface vibrational spectroscopy played an important role in the elucidation of 
diamond surface structure in terms of the hydrogen termination and surface 
reconstruction. Using HREELS, Waclawski and coworkers27 provided the first direct 
evidence that the diamond (111)-1×1 surface is terminated by hydrogen. Later, Seki 
and coworkers117 observed a C-H stretching mode at 2830cm-1 on the fully relaxed 
diamond (111)-1×1 surface using SFG. On the same surface, Ando and coworkers118 
resolved two C-H stretching modes at 2840 and 2912 cm-1 in the off-specular 
HREELS spectra, assigned to symmetric and assimmetric stretching vibrations of CH3 
species. However, in the HREELS study of Lee and Apai21, deconvolution of the C-H 
stretching mode showed a mixture of sp3 hybridized methyl and methylene groups, 
and olefinic methylene groups on the diamond (111)-1×1 surface. On the diamond 
(100) surfaces, Ando and coworkers118 used SFG to detect vibrational resonance 
peaks at 2910 and 2960 cm-1. The 2910 cm-1 peak was assigned to the dihydride (CH2) 
stretching at either the unreconstructed 1×1 surface or step sites, while the 2960 cm-1 
peak was assigned to the stretching of the C-H monohydride. Aizawa119 et al. 
observed only one C-H stretching mode (2928cm-1) and one prominent C-H bending 
mode in the HREELS spectra of the diamond (100) surface, further proving the 
monohydride- termination of this surface. Recently, Hoffman and coworkers 
published a series of HREELS and Raman investigations mainly on nanodiamond119-
121. They observed pure C-H related peaks include sp3 type C-H stretching at 360meV 
23 
and C-H bending at 150meV. Another C-H stretching signal at 375meV was assigned 
to the sp2 type carbon at the surface and grain boundaries of the nanodiamond film120. 
Pure C-C related peaks include the diamond C-C stretching (optical phonon) at 
~150meV and its overtones at 300, 450 and 600meV. They also observed a signal at 
~510meV, which is assigned to a combination mode of the C-C stretching and the 
mode at ~150meV (C-C stretching or C-H bending).  
Because of its wide spectral range of 100-5000cm-1, HREELS is especially 
useful in the study of diamond bulk and surface phonons. The assignment of diamond 
phonons has to rely on the results of theoretical calculations. However, the surface 
phonons experimentally observed are found to be strongly dependent on the sample 
surface conditions, thus complicating the comparison across studies. Lee and Apai21 
reported the observation of three phonons on clean diamond (100) (87, 126 and 
152meV), and assigned these features to surface phonons by analogy to Si(100). 
Peaks at similar positions were later observed by Thoms et al125 and Hossain et al123. 
In the latter, the 92meV signal was assigned to dimer bouncing, 147meV to dimer 
rocking, while the 123 and 135meV to be bulk phonons. The assignment of the 
92meV signal agreed with a later publication by Kinsky et al.124. They observed two 
surface phonons on the clean diamond (100) surface and assigned them to the dimer 
structure: the 93meV mode as the dimer bouncing while the 180meV as the dimer 
stretching or twisting. Recently, Michaelson et al.121 in their nanodiamond studies, 
reported the diamond optical phonon at ~150meV, and also assigned its associated 
overtones. 
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Surface vibrational characterization techniques are also important to study the 
organic functionalization of diamond surfaces. Most of the key studies on 
cycloaddition of the hydrogen-free surfaces were based on vibrational studies such as 
FT-IR, because it is difficult to image the relatively insulating surface using STM. 
[4+2] addition of 1,3-butadiene on the hydrogen free diamond (100) surfaces was 
confirmed by HREELS75 and FT-IR76. Compared with the HREELS spectrum of the 
physisorbed 1,3-butadiene, 1,3-butadiene adsorbed on the bare diamond (100) surface 
showed the absence of losses at 378, 170 and 113meV due to the terminal =CH275. At 
the same time, =CH- and –CH2-(CD2)- species were observed on 1,3-butadiene-
(1,1,4,4,)-d4–adsorbed surfaces. Both results supported that the chemisorption 
involves the terminal functional groups. Similar results were obtained by FT-IR, 
which also showed the resemblance between the spectrum of cyclohexene, and that of 
1,3-butadiene chemisorbed on the diamond (100) surface76. The first direct 
observation of the [2+2] cycloaddition77 was also demonstrated by FT-IR. Here, a 
3040cm-1 peak observed in the spectrum of a physisorbed cyclopentene multilayer 
was assigned to =C-H stretching. The absence of this peak in spectra of the 
cyclopentene monolayer chemisorbed on the bare diamond (100) surface indicated 
that the C=C bond was directly involved in the chemical bonding of this molecule to 
the surface. Moreover, by comparing the increase in vibrational intensity after 
increasing exposure of the molecule, the sticking coefficients of cyclopentene on the 
bare Si, Ge and diamond (100) surfaces were determined.  
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In the study of acrylonitrile adsorption86, the adsorption structures on the bare Si 
and diamond (100) surfaces were also proposed based on the FT-IR and XPS spectra. 
Dosing the molecule on the Si surface resulted in the disappearance of the C≡N 
stretching peak, while two new peaks appeared, corresponding to C=C=N (1985cm-1) 
and alkane C-H (2898cm-1). On the diamond surfaces, although alkane C-H was 
observed by HREELS, XPS showed only a chemical environment due to one nitrogen 
group on the surface. These provide the evidence that the molecule chemisorbed 
through the nitrile group on the bare Si surface, and it was adsorbed through the vinyl 
group on the bare diamond surface.  
The adsorption structures of 1,2-cyclohexanedinone (1,2-CHD) on Si and 
diamond were determined in a similar fashion.36 Here the –OH stretching mode in the 
original 1,2-CHD was absent on both surfaces. On the Si surface, the Si-O-C vibration 
was observed in the FT-IR spectrum, and the C=O peak was absent. For 1,2-CHD 
adsorbed on diamond, the C-H stretching modes were almost identical for monolayer 
or multilayer adsorption, in terms of peak position and relative intensity. This 
suggested an intact ring structure. By combining FT-IR observations with XPS results, 
the author drew the conclusion that both oxygen atoms in the 1,2-CHD form Si-O-C 
linkage to Si surface, while the molecule chemisorbed onto the diamond surface via a 
1,3-H shift. 
   In the current work, using surface analytical techniques such as high-resolution 
electron energy loss spectroscopy (HREELS) and Photoelectron Spectroscopy (PES), 
the successful functionalization of diamond surfaces will be tracked by probing 
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functional groups such as –OH and –COOH on the adsorbate. In terms of the 
selection of adsorbates, an endless list of organic molecules is available with a wide 
selection of functionality. However, only unsaturated molecules with boiling points 
below 150oC can have sufficient volatility for ultra high vacuum dosing. Therefore, in 
this work, allyl organics (allyl alcohol, allyl chloride, and acrylic acid), acetylene, 1,3-
butadiene, aromatics (styrene, toluene, and phenyl acetylene), as well as C60 were 
chosen for dosing onto diamond surfaces. 
  A comprehensive investigation of the cycloaddition between the diamond surface 
and organic molecules allows us to obtain a fundamental understanding of the 
mechanism of cycloaddition on a solid organic template. A general rule governing 
such reactions can provide guidance in designing the chemical routes for diamond 
surface functionalization. 
 
1.4 Growth of Molybdenum Sulfide and Germanide Thin Films Using A 
Single Source Precursor 
    Molybdenum can form a range of interesting functional compounds ranging from 
molybdenum sulfide (MoS2), which is useful in hydrodesulfulrization catalysts,126 
lubricants127 and solar films,128 to borderline intermetallic-ceramic compounds such as 
molybdenum silicides129,130 and germanides,131,132 useful in high temperature 
structural matrix materials. The development of synthetic methods that are low-cost, 
high-yield and which enable the precise control of properties, are pertinent in the thin 
film technology of these materials. The conventional production methods of these 
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materials are usually energy-intensive because the evaporation sources of these high 
melting point compounds are non-existent. Solid state displacement reactions used in 
the synthesis of MoSi2 and MoGe2 require high temperature and long homogenization 
time for effective intermixing. For multiple source vapor phase methods, the problem 
is to control the rate of precursor supply and the chemical reaction rate to yield the 
desired phase and composition. For example, in the case of MoS2, methods which 
utilized H2S as the sulfide source together with metal carbonyls are not favorable for 
large scale production due to toxicity issues.  
    Tailor-made single source molecular reactants are precisely defined and can 
enable a much higher degree of synthetic control in principle. In this work, we study 
the surface-interface chemistry of a versatile single source precursor which can be 
used for the deposition of crystalline MoS2. We also consider the possibility of solid 
state substitution reactions between MoS2 and group IV substrates such as silicon and 
germanium through a thin interface, under possibly thermodynamically non-
equilibrium conditions. To date however, there has not been any report on a single 
source precursor that can be used for the vapor phase growth of crystalline MoS2 with 
high purity. The only compound reported in literature, tert-butyl thiolate Mo(S-t-Bu), 
is air-sensitive. Cheon et al.133 utilized it for chemical vapor deposition and produced 
amorphous MoS2 with graphitic inclusions. Here we report a low-temperature, cheap, 
convenient way of producing oriented MoS2 films from the one-step thermal 
evaporation of the single source precursor tetrakis-(diethylaminodithiocarbomato) 
molybdate(IV) (abbreviated as Mo(Et2NCS2)4). The surface chemistry of this 
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precursor, which contains Mo, sulfur and carbon is interesting as it provides an 
opportunity to study alloy formation on different substrates.  
  We found that by selecting the appropriate substrate, either molybdenum sulfide 
(MoS2), molybdenum silicide (MoSi2), molybdenum germanide (MoGe2) or carbon 
nanofibers can be prepared via a heterogeneous chemistry route. For example, the 
chemistry of molybdenum-germanium (Mo-Ge) alloy grown using CVD is unheard of 
and conventional methods use high-temperature conditions to induce alloy phase 
formation (>1300 ºC). At room temperature, the Mo-Ge binary system has six stable 
phases: Ge-rich solid solution, Mo-rich solid solution, α-MoGe2, Ge23Mo13, Ge3Mo5, 
and GeMo3. The property of such mixtures has a transition from metallic, 
superconductor to semiconductor behaviour. The Mo-Ge alloy has been studied as a 
model superconductor to unveil the quantum effects in one-dimensional and two-
dimensional systems.134,135. In this work, we will discuss the surface chemistry route 
which results in the growth of crystalline MoGe2 using the Mo(Et2NCS2)4 precursor. 
To the best of our knowledge, this is the first CVD route for the deposition of 
crystalline MoGe2. 
 
The use of the ultra high vacuum environment is a prerequisite to study the 
intrinsic behavior of solid surfaces (especially the reconstructed diamond surface used 
in this study). Meanwhile, in-situ surface treatment methods such as annealing, 
sputtering, dosing of organic molecules and CVD growth of inorganic thin films are 
all conducted in vacuum chambers. It is also a common practice in the 
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instrumentation of surface analytical techniques, used in this study including 
photoelectron spectroscopy (PES), high resolution electron energy loss spectroscopy 
(HREELS) and X-ray adsorption spectroscopy (XAS). In the next chapter, a short 
introduction of these techniques and a description of the ultra high vacuum system 
used in this thesis will be given. 
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Chapter 2 Experimental 
 
2.1 Principles of Surface Analysis Techniques  
     The microscopic understanding of surface phenomena has seen tremendous 
advancements with the rapid development of surface analysis techniques over the past 
50 years. From the understanding of material surface structures at  molecular / 
atomic levels to the visualization of self assembly of molecular nanostructures and the 
elucidation of surface electronic band structure, surface analysis techniques have been 
instrumental in unlocking a wide variety of useful information. A comprehensive 
characterization of the atomic structure, physical, chemical and electronic properties 
of surfaces generally requires the use of a variety of complementary techniques, 
because no single technique can answer all these questions. In the present work, a 
multi-technique approach is applied to gain insights into the surface chemistry of 
organic molecules on diamond (100)-2×1 surfaces. 
 
2.1.1 High-resolution electron energy loss spectroscopy (HREELS)  
HREELS is a powerful tool to identify the vibrational features of surface 
adsorbates. In this techinique, an incoming (primary) electron beam is incident at the 
sample surface at a specific angle. Upon reflection on the surface, the electron may 
interact with the adsorbate, leaving the adsorbate vibrationally excited. The inelastic 
energy loss of the electron is equal to the vibrational energy of the chemical bond 
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being excited. Thus, the vibration of a specific chemical bond can be investigated by 
monitoring the electron energy loss in the inelastic scattering process.1  
The HREELS spectrometer model used in our study is SEPCS GmbH Delta 0.5, 
operating at an ultra high vacuum (UHV) base pressure of 1×10-10 Torr. The primary 
beam energy was 5 eV except for the experiments where we studied the resonance 
scattering phenomenon, where the primary beam energy was changed in the range of 
3 eV to 15 eV. The full width half maximum (FWHM) was 8 meV for the bare 
diamond surfaces, and increased to 10-12 meV when the diamond surfaces were 
dosed with adsorbate molecules. The HREELS spectra for the same series of 
measurements were normalized to their respective elastic peak intensities. 
A diagram of the spectrometer is presented in Fig. 2.1. First, the electron beam is 
emitted by a hot cathode (A) made of a LaB6 filament. The electron beam will pass 
through two cylindrical monochromators arranged in series (B and C). The 
monochromators narrow the energy spread (as low as 1-2meV) of the electron beam. 
The primary electron can be accelerated and focused through a zoom lens system 
before entering the scattering chamber, thus obtaining a monoenergetic incoming 
electron beam with the desired energy (between 1-300eV). After scattering from the 
sample surface inside the scattering chamber (D), the reflected electrons are collected 
by an energy analyzer (E) which has the same structure as the cylindrical 
monochromator. Finally, the electrons are detected by a channeltron electron 
multiplier. The difference between the incident and reflected electron energies (the 
41 
energy loss) gives information about the chemical bonds existing on the sample 
surface.    
 
Fig. 2.1 Schematic diagram of an HREELS spectrometer comprising of a cathode (A), 
pre-monochromator (B) and monochromator (C), scattering chamber (D), analyzer 
(E). 
 
There are three basic mechanisms for HREELS: dipole scattering, impact 
scattering and resonance scattering1. In the case of dipole scattering, an incident 
electron interacts via long-range Coulomb forces with the oscillating dipole moments 
of the adsorbed species. Therefore, similar to infrared spectroscopy, only those modes 
for which the dipole moment changes during the vibration can be excited. Due to a 
small momentum transfer that accompanies dipole scattering, dipole scattering is 
strongly peaked at the specular direction. In contrast, impact scattering is mainly 
associated with the direct impact between the adsorbate and the incident electrons. 
This short-range interaction involves large momentum transfer; therefore, electrons 
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are broadly distributed, and the electrons scattered can be detected off-specular. This 
mechanism also results in a ‘relaxation’ of the surface selection rules so that all 
vibrations (both parallel and perpendicular to the surface) may be excited1,2. 
Therefore, compared to other vibrational spectroscopy such as Reflection-Absorption 
Infrared Spectroscopy (RAIRS) or Surface Enhanced Raman Spectroscopy (SERS), 
HREELS has a greater scope for investigating vibrational modes not normally 
accessible by RAIRS and SERS. The third mechanism, resonance scattering, is also 
based on a short-range impact event but involves a temporary trapping of an electron 
in a negative ion state3. This mechanism is characterized by the strong enhancement 
of excitation of fundamental and overtone vibrational modes, and the primary energy 
dependence of certain vibrational modes. On the diamond surface in particular, 
Thoms4 et al. has found that impact scattering is dominant on the H-terminated 
diamond (100) surface; dipole scattering is exhibited only on extremely smooth 
diamond surfaces. They also suggested that the dipole selection rules may not be fully 
applicable on diamond surfaces, probably due to the small dielectric constant of the 
diamond surface.   
The use of low energy electrons ensures that HREELS is a highly surface 
sensitive and specific technique. Meanwhile, since HREELS spectra can be recorded 
in both the specular and off-specular modes, the interpretation of the changes in 
intensities of the vibrational peaks on the basis of the selection rules can provide a 
more definitive identification of the nature and geometry of the adsorbate species. 
Another advantage is that HREELS can acquire spectra below 400 cm-1, where 
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phonons of the substrate can be observed. However, compared to other types of 
vibrational spectroscopy, the resolution of electron spectroscopy is generally poorer 
(FWHM 40-80cm-1). The use of low energy electrons restricts the operation of 
HREELS to UHV environments. Although the lower resolution may preclude the 
separation of the vibrational modes in some cases, unique information on the surface 
interaction can be gathered using EELS in conjunction with symmetry selection rules.   
 
2.1.2 X-ray Photoelectron Spectroscopy (XPS)  
X-ray Photoelectron spectroscopy is one of the most versatile techniques used 
for surface analysis5. It provides both the elemental and chemical information on 
single crystal, polycrystalline and amorphous sample surfaces. In XPS studies, a 
monochromatized X-ray irradiates a sample surface under UHV conditions. 
Photoionization then takes place in the layers close to the surface. The photoexcitation 
and escape of photoelectrons from surface into the vacuum can be considered in terms 
of a three-step model6: excitation of the core electron from the ground state to the 
final state, the transfer of the electron to the surface, and the escape of the electron 
into the vacuum through the surface. Although the X-ray photons penetrate quite 
deeply into the surface, the information depth of XPS is limited by the inelastic mean 
free path of the photoelectrons. Therefore, the information depth of XPS is usually 
within the top 10 to 100Å of the material. 
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Fig. 2.2 Schematic diagram of an XPS Spectrometer 
 
The kinetic energy of photoelectrons emitted from the material are measured 
using a concentric hemispherical analyzer, and the photoelectrons are detected by a 
channel electron multiplier (Fig. 2.2). In general, the binding energy in conducting 
solids is reported with respect to their Fermi level (EF), illustrated by the energy level 
diagram of Figure 2.3. The sample is electrically connected to the spectrometer so that 
their Fermi energies are equilibrated. Accordingly, the kinetic energy of a 
photoelectron is 
                Ekin = hν – EB- Φ              (Equation 2.1) 
where Φ is the work function of the spectrometer and EB, the binding energy 
referenced to Fermi level. The binding energies of the core-level electrons are 
characteristic of the atom from which they are photoexcited. They also exhibit 
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chemical shifts (generally up to a few eVs) which are affected by the chemical 
environment (i.e. oxidization state, lattice sites, molecular environment etc.). The 
information on the changes in electronic structure, valence states, formation and 
breakage of chemical bonds is very useful to understand the physical and chemical 
processes occurring on sample surfaces7. 
 
 
Fig. 2.3 Schematic diagram showing a photoelectron emission process excited by 
incident X-ray 
 
The resolution of an XPS instrument mainly depends on the X-ray source 
employed. The simplest type of X-ray source for XPS is the characteristic emission 
lines such as Al Kα (1486.6eV) and Mg Kα (1253.6 eV). These photons are relatively 
“clean” with very few satellites or other peaks, resulting in relatively narrow line 
widths (e.g., Mg Kα X-rays have a line width about 0.75eV, while Al Kα about 
0.85eV). Coupled with an X-ray monochromator, the line width of the X-ray radiation 
can be further narrowed. Auternatively, XPS and UPS spectra can be effectively 
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obtained by using light from a synchrotron light source. The spectrum can thus be 
obtained with a whole range of photon energies. 
XPS spectra can be strongly influenced by the particular measurement geometry 
such as the relative orientation of source, sample and spectrometer. There are 2 major 
angular effects: the first involves the increase in surface sensitivity at a low take-off 
angle (the angle of electron exit relative to the sample surface), and the second 
involves photoelectron diffraction which is especially important in the study of single 
crystals. In the current studies, the first effect was applied to differentiate the surface 
and bulk components observed in the same spectra, and to estimate the surface over 
layer thickness8. This effect can be demonstrated by the following equation for a 
substrate (s) with a uniform thin overlayer (o), where the angular variation of intensity 
is given by:  
    Isd=Ise-dλsinα                    (Equation 2.2) 
where d is the vertical sample depth, α the take-off angle, and λ the appropriate value 
for the observed photoelectron (Fig 2.4).  
Fig. 2.4 Surface sensitivity enhancement by variation of electron “take-off” angles 
 




In ultraviolet photoelectron spectroscopy (UPS), ultraviolet light such as He I 
(21.2eV) and He II (40.8) emitted from a helium lamp is used to excite electrons from 
the valence band (electrons with a binding energy of no more than 30 eV are 
generally classified as valence electrons). In our own system, the UV light was 
provided by a helium lamp, while in the Singapore Synchrotron Light Source, the 
light beam of 60eV was used.  
This technique has been widely used in the study of molecule adsorption and the 
valence band structure of metals, alloys and semiconductors. Although valence band 
structures can also be obtained in XPS studies, the photo-ionization cross-section of 
valence electrons using ultraviolet light is much higher. Angle-resolved UPS can be 
obtained using polarized incident light coupled with variable angle of detection, to 
provide detailed information about the orientation of molecular orbitals and structural 
modifications of adsorbed species on surfaces. At the same time, UPS can be used to 
measure the electron affinity of wide band gap semiconductor surfaces such as 
diamond. 9 The work function (φ) can also be extracted from the secondary electron 
cut-offs of the spectra.  
 
2.1.4 X-ray Absorption Near-Edge Structure (XANES)  
    X-ray absorption spectroscopy is widely used to understand the local structure 
and the electronic states in gas-phase, molecular and condensed matter. In this 
technique, an energetically tunable X-ray is scanned to excite the bound electrons 
(0.1-100 keV photon energy) and the photoabsorption peaks are recorded. X-ray 
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Absorption Near-Edge Structure (XANES), or Near-Edge X-ray Absorption Fine 
Structure (NEXAFS), record the absorption fine structure close to the absorption edge, 
and reflects the formation of exciton states due to X-ray absorption10. The fine 
structure of this element-specific edge of the absorption coefficient is influenced by 
the energy of unoccupied electronic levels. Thus in diamond research, for example, 
NEXAFS has been applied to explore the hydrogen surface process kinetics through 
monitoring the amounts of single and π-bonded dangling bonds11. Due to the 
requirement of intense and tunable X-ray sources, this technique is usually applied in 
synchrotron radiation facilities. Our experiments were carried out at the SINS beam 
line of the Singapore Synchrotron Radiation Light Source. 
 
2.2 Experimental procedures  
2.2.1 In-situ Surface Analysis UHV Systems 
The surface analytical experiments were performed in ultra-high vacuum (UHV) 
chambers. The use of UHV is a prerequisite not only for the surface analysis 
instrumentation, but also for the study of the intrinsic behavior of diamond surfaces, 
especially the reconstructed hydrogen-free surfaces. For both HREELS and XPS/UPS 
UHV chamber systems, a preparation chamber is attached to the main chamber 
through a gate valve. All these chambers have a base pressure of less than 2×10-10 
Torr achieved with the help of turbo-molecular and sputtered-ion pumps. The dual-
chamber system setup is to ensure the in-situ characterization immediately after 
sample surface preparation, without exposing the as-prepared sample to the 
49 
atmosphere. This ensures the preservation of the integrity of the bare or molecule-
adsorbed diamond surface, and prevents its alteration by oxidation, moisture 
adsorption or molecule exchange on the adsorption site. The sample treatment 
methods that can  be performed in the preparation chamber include e-beam heating, 
Ar+ sputtering (not for diamond surfaces since diamond could be graphitized through 
ion bombardment, even by the low-energy (1keV) Ar+ sputtering typically used for 
surface treatment14), leak-valve dosing and k-cell evaporation of molecules. After 
that, the sample was immediately transferred into the main chamber for measurement, 
through a load-lock system. HREELS was performed to obtain vibrational features of 
organic molecules adsorbed on the diamond surfaces; XPS and UPS were employed 
to investigate electronic properties including core-level shifts and variations of 
valence band structures. 
Fig 2.5 Design of UHV sample preparation chamber and linkage though gate valve to 























The XPS/UPS main chamber mainly consists of an X-ray gun with both Mg and 
Al anodes, a He lamp and a hemispherical energy analyzer (VG Scientific) for X-ray 
photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). 
The take-off angle was fixed at surface normal. Fig. 2.5 shows the 
preparation/characterization dual chamber system for XPS and UPS.  
High resolution photoelectron spectroscopy (PES) experiments were performed at 
the SINS beamline of Singapore Synchrotron Light Source (photon energy 50 – 1200 
eV) in an ultrahigh vacuum chamber with a base pressure of 1×10-10 Torr15. 
Photoemission spectra were recorded using a hemispherical analyzer (Omicron 
EAC2000-125) at normal emission angle with constant pass energy of 5 eV. The 
energy resolution is at best 50 meV for all the PES measurements. No charging effect 
was observed at the applied photon fluxes. Binding energies of all PES spectra were 
calibrated and referenced to the Fermi level of a sputtered gold foil in electrical 
contact with the diamond sample. Secondary electron cut-off (for determination of the 
vacuum level) was measured with -5V on the sample to overcome the work function 
of the electron analyzer (4.38 ± 0.05 eV). Thus, the sample work function (φ) was 
obtained through the equation φ = hν -W, where W is the spectrum width (energy 
difference between substrate Fermi level and secondary electron cut-off). 
The HREELS measurements were taken using a SPECS GmbH Delta 0.5 
spectrometer. The primary electron energy was set at 5.0eV. The resolution was 
8meV for the bare diamond and 10-12meV for the diamond surface after being dosed 
with organics, judged from the full width at half maximum of the elastic peak. The 
51 
HREELS spectra for the same series of measurements were normalized according to 
their individual elastic peak intensities. 
 
2.2.2 Diamond Sample Preparation 
    The diamond sample used in this study was a 4 mm×4 mm boron-doped single 
crystal diamond with (100) orientation grown epitaxially to a thickness of about 1 μm 
on a type IIb diamond single crystal substrate. The diamond was boron-doped at the 
surface region (about 10 nm) with an areal hole density of about 10-10 cm-2. Prior to 
the experiments, the diamond sample was first boiled in 5:1 H2SO4+H2O2 mixture, 
and then in HCl+H2O2 mixture, to remove organic and metallic contaminants, 
respectively. Afterwards, the diamond sample was cleaned by a microwave hydrogen 
plasma at 800 ºC to obtain an atomically flat, hydrogen-terminated diamond (100)-
2×1 reconstructed surface. 16,17 After the plasma treatment, the diamond was 
transferred into the UHV chamber and heated to 400 ºC in order to remove all residue 
surface contamination while leaving the hydrogen termination intact.18 The surface 
cleanliness was verified by Photoemission Spectroscopy (PES), and a sharp 2×1 
pattern was observed by low energy electron diffraction (LEED). A hydrogen-free 
diamond (100)-2×1 surface was prepared by e-beam flash annealing to 1000oC in the 
preparation chamber. Both the absence of C-H stretching in HREELS spectrum and 
the absence of secondary electron emission in the lower kinetic energy side of the 
UPS spectrum confirmed the complete removal of surface hydrogen. Following this 
treatment, a 2×1 surface reconstruction pattern could be observed by LEED. 
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2.2.3 Dosing of Organic Chemicals 
    Diagrams showing the structures of the organics used in the current work are 
summarized in Table 2.1. Acetylene and 1,3-butadiene were admitted via leak valves 
into the UHV chamber from pressurized gas cylinders. Liquid organic molecules with 
a boiling point no higher than 150oC, including allyl chloride, allyl alcohol, acrylic 
acid, 1,3-butadiene, benzene, toluene, phenyl acetylene and styrene were introduced 
into the chamber from a home-made stainless container by directly backfilling the 
chamber via a precision leak valve. The exposure was calculated from the chamber 
pressure increase without calibrating the relative sensitivity with an ion gauge, and 
expressed in unit of Langmuir (L) (1L = 1×10-6 Torr · S). In order to remove air or 
other volatile contaminants dissolved in the chemicals, a freeze-pump-thaw procedure 
was repeated for several cycles before the vapor of target molecules was introduced 
onto sample surfaces. Powder-form molecules such as C60 and C60F36 were evaporated 
in-situ on the diamond surface at room temperature using a low-temperature Knudsen 
cell (MBE-Komponenten, Germany). The nominal coverage of the molecules was 
estimated by monitoring the attenuation in intensity of the C 1s peak of bulk diamond 
before and after deposition. 17 All the adsorption experiments were carried out at room 
temperature unless otherwise stated. 
Table 2.1 Molecular structure of the organic molecules used in the current thesis 
Category Name Molecular formula Structure 
allyl alcohol C3H6O CH2=CH-CH2-OH  allyl organics  
allyl chloride  C3H5Cl  CH2=CH-CH2-Cl  
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acrylic acid  C4H6O2  CH2=CH-CH2-COOH  
conjugated 
molecules  1,3-butadiene  C4H6 CH2=CH-CH=CH2  
benzene  C6H6  
 





















2.2.4 MOCVD through A Single Source Precursor 
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The single source precursor was generated from a simple one-step synthesis as 
follows: 
Mo(CO)6(s)+2Et2NC(S)SSC(S)NEt2(s)→ Mo(Et2NCS2)4 (s)+6CO(g).        
(Equation 2.4) 
where (Et2NCS2)4 is the abbreviation for the diethylaminodithiocarbomato (S2N-
(C2H5)2) ligand. This synthesis route has been described before in literature18. The 
chemical structure for this compound is shown in Fig. 2.6. The one-step synthesis of 
Mo(Et2NCS2)4 was performed using Schlenk lines in an oxygen-free nitrogen 
atmosphere. Solvents were distilled by standard techniques and thoroughly 
deoxygenated before use. Essentially, Mo(CO)6 (0.82 g, 3.1 mmol) was stirred and 
refluxed at a temperature of 58oC with bis(diethylthiocarbamoyl)disulfide (0.8 g of 
2.7 mmol) in 25 cm3 of acetone under an oxygen-free nitrogen atmosphere for 2 
hours. The violet precipitate that appeared at room temperature was filtered and 
washed with pentane, dried and annealed at 300 °C to evaporate off residual 
impurities. The TGA (thermogravimetric analysis) revealed a single weight loss step 
after this at 380 °C that corresponded to the evaporation of the precursor. Electron 
spray mass spectrometry revealed a parent mass peak at 690 atomic mass units. The 
precursor was found to be air and moisture insensitive and could be used after keeping 
in air for more than one year. 
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Fig.2.6 Molecular structure of single source precursor Mo(Et2NCS2)4 
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Chapter 3 Cycloadditions on diamond (100) 2×1: observation 
of lowered electron affinity due to hydrocarbon adsorption 
 
3.1 Covalent functionalization of diamond (100)-2×1 surface by Allyl organics 
    Figure 3.1 shows the loss intensities for the C(100) 2×1-H as a function of primary 
beam energy. The hydrogen-plasma polished C(100)-2×1-H surface typically consists 
of several peaks in the HREELS spectrum, as shown in Fig. 3.1-(a). These include the 
C-H stretching at 363.4meV, C-H bending at 176.5meV, and a C-H twisting mode of 
the H-terminated dimer at 145.8meV (B1) which overlaps with the bulk TO phonon at 
136 meV.1 The signal at 112.0meV (S1) is assigned to a surface phonon mode related to 
dimer scissoring on C(100)-2×1-H, this mode disappears after annealing to hydrogen 
desorption temperatures. The broad, weak signal at 280 meV is assigned to an overtone 
of C-H bending modes around 140meV; such a structure was not observed in the 
HREELS spectrum of bare diamond. The loss intensities for C(100)-2×1-H shows 
significant dependance on primary electron energy, indicating that resonance scattering 
occurs. The hydrogenated diamond shows negative electron affinity (NEA), thus it is 
possible that incoming electrons can populate the conduction bands and be scattered 
efficiently at some resonance energies. Our observation agrees with the energy 
dependence of the loss intensities observed by Thachepan and coworkers in their 
HREELS study of hydrogenated diamond.1 
After the diamond was annealed to hydrogen-desorption temperature (i.e. 1000 °C), 
all the C-H modes shown in (a) disappear. Fig. 3.1-(b) shows that the energy loss peaks 
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of the bare surface consist of two surface phonons at 62.5meV (S2: dimer out-of-phase 
bouncing) and 86.5meV (S3: dimer in-phase bouncing), and diamond bulk phonon (B2: 
TO at X) at 134.1meV. 2, 3 For the clean diamond surface which is well known to 
exhibit the condition of positive electron affinity, it is apparent from Fig. 3.1-(b) that 
the loss intensities show no obvious dependence on the primary beam energy.   
Fig. 3.1. Plot of HREELS loss intensities versus primary beam energy (Ep) for (a) 
hydrogenated diamond C(100) 2×1:H and (b) bare diamond C(100) 2×1 at Ep of  (i) 3 
eV, (ii) 5 eV, (iii) 8 eV, (iv) 10 eV, (v) 15 eV, (vi) 20 eV; B: bulk phonon TO at X; S1, 
S2, S3: surface dimer. 








































Table 3.1. HREELS peak positions after saturation dosage of various organic 
molecules on the diamond C(100)-2×1 surface. 

















bending 178 176.2 174.4 179.8 
C=C 
stretching 202.1 - 202.1 203.1 
C=C 











Fig.3.2. HREELS spectra of (a) C(100)-2×1:H; (b)C(100)-2×1; and after saturation 
exposure to: (c) acrylic acid; (d) allyl alcohol; (e) acetylene; (f) 1,3-butadiene. S1: 
surface dimer phonon, scissoring; S2: surface dimer phonon, twisting; S3: dimer out-of-
phase bouncing; S4: dimer in-phase bouncing; B1: Longitudinal bulk phonon at X. 
After the dosing of various organic molecules on the surface, the bare diamond 
surface phonons at 62.5meV and 86.5meV decrease in intensity. The newly appeared 
vibration modes following the saturation dose of organic molecules such as acrylic 
acid, allyl alcohol, 1,3 butadiene, acetylene and allyl chloride, are summarized in Table 
3.1. Fig 3.2- (a)-(f) show the composite spectra where we superimpose the plots from 
different dosing experiments for ease of comparison. After exposure to acrylic acid (Fig 




























3.2-(c)), new peaks are observed at 209.6meV (C=O stretching), 366.0+381.7meV (C-
H stretching), 176.2meV (C-H bending) and 120.7meV (C-O stretching, overlapping 
with peaks around 140meV, due to a mixture of diamond phonon and C-H bending 
signals). After adsorption of allyl alcohol, new vibration peaks that appear include C-O 
stretching, C-H stretching, C-H bending and C=C stretching, as shown in Fig. 3.2-(d). 
The absence of a distinct –OH stretching peak around 430meV is probably due to the 
formation of hydrogen bonding among O-H bonds; this will broaden the peak and shift 
the vibration toward lower frequency, and thus the O-H vibration signal could be 
merged with the C-H stretching peak.4 The presence of a weak feature assignable to the 
C=C stretching mode in the spectrum of some of the organic molecules are probably 
due to multilayer adsorption. It is noteworthy that for acrylic acid and acetylene, the C-
H stretching is observed to shift towards higher wavenumber at 380 meV, compared to 
that of hydrogenated diamond at 363 meV. For acetylene, which is shown in Fig. 3.2-
(e), the energy loss of the C-H stretching peak (382.1meV) lies in the range of sp2 
carbon atoms and the existence of C=C vibration suggests the unsaturated nature of the 
bonds. The HREELS spectrum of 1,3-butadiene in Fig. 3.2-(f) agrees well with 
literature5, the C-H bending and C-H stretching peaks exhibit stronger intensity 
compared to that of the other organic molecules.  
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(g)
 B: bulk diamond C1s fit
             S1: surface dimer C1s fit






























Fig. 3.3 C1s core level spectra of (a) Hydrogenated diamond C(100)-2×1; (b) bare 
diamond C(100)-2×1; and after saturation dosing of a variety of organics: (c) allyl 
chloride; (d) acrylic acid; (e) allyl alcohol; (f) acetylene and (g) 1,3-butadiene. B: C1s 
of bulk diamond; S1: C1s of surface dimer; S2: C1s of the organic layer formed by 
dosing various organic molecules. 
 
   Synchrotron radiation spectroscopy was used to study the evolution of new species 
on the diamond surface after dosing the above-mentioned molecules. The shape 
changes in the C1s core level, as well as associated chemical shifts of the C1s peak 
after dosing with the organic molecules, are shown in Fig. 3.3. For the hydrogen-
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terminated C(100)-2×1-H surface, Fig 3.3-(a) shows the presence of only one bulk peak 
at 284.4eV. After annealing to 1000oC, the bulk C1s peak shifts to 285.0eV, there is 
also a chemically shifted peak at 284.2eV assignable to the reconstructed surface dimer. 
The peak position of the C1s dimer is 0.7-0.8 eV lower than that of the bulk C1s, while 
the peak area is 30-40% of the bulk at the surface-sensitive photon energy of hν=350eV 
at normal incidence (with source to analyzer angle 54o). The origin of this chemical 
shift arises from the more effective shielding of the photo-generated hole by the π 
electrons in the surface dimer bonds, the extra energy gain in terms of this inter-atomic 
relaxation results in an increase in kinetic energy of the photoelectrons originating from 
the surface dimers, i.e. a shift to lower binding energy. It has been reported that the bare 
diamond surface shows downward band bending due to hole depletion, whilst 
hydrogen-termination reduces the downward band bending due to hole accumulation. 
In this case, the increase of the bulk C1s binding energy after annealing to hydrogen-
desorption temperature agrees with the increased downward band bending.6 
    Following the saturation dosage of organic molecules on the bare diamond 
surface, the dimer peak disappeared, as shown in Fig. 3.3(c)-(g). At the same time, a 
new peak appeared at the higher binding energy side of the C1s peak for all molecules 
other than 1,3-butadiene. These new surface-shifted components are attributed to the 
chemisorbed molecules, since the higher electronegativities of functional groups such 
as Cl, OH and COOH in allyl chloride, allyl alchohol or acryclic acid, as well as the 
unsaturated C2H2, will result in a chemically shifted C1s peak at a higher binding 
energy. After the adsorption of 1,3-butadiene however, we were not able to resolve the 
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1,3-butadiene signal from the bulk C1s. The C1s peak positions of the organic layer 
relative to the bulk peak, as well as the relative intensity of these new species are 
summarized in Table 3.2.  
 
Table 3.2. The binding energy (B.E.) and intensity of the shifted peak (attributed to the 
adsorption of molecules) in C1s core level spectra after saturation dosage of the 
organics (relative to the B.E. and intensity of the diamond bulk C1s peak), and B.E> of 
the bulk C1s signal. 






















to bulk (eV) 






- - - 25.5% 23.0% 17.0% 12.4% 
B.E. of Bulk 
C1s (eV) 
285 284.42 284.88 284.72 284.78 284.7 284.93 
 
It is noteworthy to point out that the shift in bulk C1s binding energy after dosing 
with organics suggests a small unbending of the downward bent bands from the clean 
surface. However the magnitude of this unbending is much smaller than that induced by 
hydrogen termination. One explanation is that a surface dipole is present in the C-H 
bonds in the hydrogen-terminated surface, but such a dipole is absent in C-C covalent 
bonds for the organic-adsorbed surface. Fig. 3.4(a)-(c) show that dosing with oxygen-
containing organics such as allyl alcohol and acrylic acid resulted in the growth of the 
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O1s signal with the dosage, and dosing with ally chloride resulted in an increase of the 
Cl2p signal. These evidence the successful attachment of allyl organics with different 


































Fig. 3.4 (a) Evolution of the O1s signal on (i) C(100)-2×1, and after dosing (ii) 10L, 
(iii) 100L, (iv) 1000L, (v) 5000L and (vi) 10000L of allyl alcohol on the surface; (b) 
Evolution of the O1s signal on (i) C(100)-2×1, and after dosing (ii) 10L, (iii) 100L, 
(iv) 1000L and (v) 10000L of acrylic acid on the surface; (c) Evolution of the Cl 2p 
signal on (i) C(100)-2×1, after dosing (ii) 10L, (iii) 100L, (iv) 1000L and (v) 10000L 




3.2 Adsorption/desorption profile of organics covalently bonded on a diamond 
(100)-2×1 surface 
3.2.1 Allyl organics adsorption/desorption on a diamond (100)-2×1 surface 
 The adsorption and desorption profiles of the allyl organics were studied by 
recording the HREELS spectrum at intervals after dosing the organics. The HREELS 
spectra showing the adsorption of allyl alcohol on clean C(100)-2×1 are shown in Fig 
3. 5 (a)-(e), and that for the adsorption of acrylic acid are shown in Fig. 3.6 (a)-(f), 
respectively. The C-H bending and stretching modes increase with dosage on the 
surface, as expected, and at higher dosage, a small shoulder assignable to C=C appears 
at 202 meV, assignable to the presence of physisorbed layers. For acrylic acid, the 
spectra are distinguished by a component at 209 meV assignable to C-O, as well as a 
visible shift of the C-H stretching towards ~380 meV at higher coverages. The peak 
which appears after the adsorption of acrylic acid and allyl alcohol at 366meV 
(2930cm-1) can be assigned to the C-H stretching for saturated carbon, while the peak at 
380meV (3040cm-1) can be assigned to the C-H stretching of unsaturated carbon.7  
  After annealing to 100oC, there is a slight decrease in all the intensities of 
adsorbent-related signals. Meanwhile, the C-H stretching peak is narrowed and the 
maximum now shifts back to 366meV, indicating the desorption of the physisorbed 
multilayer. The peak intensity decreases significantly after annealing to 200oC ((h) in 
Fig. 3.5 and 3.6), which suggests similar desorption patterns arising from C-C bond 
breakages for the allyl organics. Higher than 300oC, the adsorbates desorbed 
completely. The desorption profile of all the organics studied in this work follow 
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consistently similar trends, these molecules desorbed by 300oC from the surface. The 
desorption process was also confirmed by photoelectron spectroscopy. The decreasing 
signals of O1s and Cl 2p, for allyl alcohol, acrylic acid and allyl chloride, respectively, 
parallels the vanishing intensity of the C-H stretch in HREELS after the diamond 
crystal was annealed to 300oC.  
























Fig. 3.5. HREELS spectra of (a) bare diamond surface; after dosing (b) 10L, (c) 100L, 
(d) 1000L and (e) 10000L allyl alcohol on diamond surface; and after subsequent 
annealing to (f) 50oC, (g) 100 oC, (h) 200 oC, (i) 300 oC. 
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Fig. 3.6. HREELS spectra of (a) bare diamond surface; after dosing (b) 10L, (c) 100L, 
(d) 1000L, (e) 5000L and (f) 10000L acrylic acid on diamond surface; and after 
subsequent annealing to: (g) 50oC, (h) 100 oC, (i) 200 oC, (j) 300 oC, (k) 400 oC, (l) 
600 oC. 
 
In Figs. 3.7 and 3.8, we show the changes in the C1s core level and valence band 
after clean diamond was dosed with acrylic acid to saturation coverage. In the core 
level spectra in Fig. 3.7, the uptake of acrylic acid on the surface resulted in the 
decrease in the intensities of the dimer signal S1, and an increase of the intensities of 
the surface shifted component S2. At saturation coverages, the dimer signal S1 
vanished completely, to be replaced by the surface shifted component S2 assignable to 
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carbon atoms of acrylic acid. Similar trends were also observed for the surface dimer in 
the valence band spectra in Fig. 3.8. The valence spectrum of the clean diamond is 
characterized by an increase in density of states near the valence band edge (1.7 eV 
from EF) due to the presence of the π-bonded surface dimer states. The valence peaks at 
5 and 8 eV are characteristics of p states as well as mixed s-p states of bulk diamond, 
while a peak at 13 eV is a fingerprint of the sp3 bonding in the single crystalline 
diamond.8,9. The surface dimer peak becomes attenuated with increasing adsorption of 
acrylic acid. At the same time, there is a growth of an emission feature at ~11 eV, 
which is assignable to C 2p states of the adsorbed acrylic acid.  
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 B: bulk diamond C1s fit                 S1: surface dimer C1s fit










Fig. 3.7. C1s core level spectra of (a) bare diamond and after dosing (b) 5L, (c) 10L, 
(d) 100L ,(e)1000L, and (f) 10000L acrylic acid on the surface. B: C1s of the diamond 
bulk; S1: C1s of the C(100)-2×1 surface dimer; S2: C1s of acrylic acid chemisorbed 
on the diamond surface. 
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Fig. 3.8. Valence Band structure collected at off-emission angle (a) C(100) 2×1; and 
after dosing (b) 5L, (c) 10L, (d) 100L, (e)1000L, and (f) 10000L acrylic acid on the 
surface. S: surface state of clean C(100) 2×1. 
 
Figure 3.9 shows the changes in the core level and valence band spectra after the 
dosed surface was annealed to successively higher temperatures. After heating to 300 
°C, there is a complete decline in the C 2p signal and also vanishing of the surface 
shifted component in the core level spectrum due to acrylic acid. However, the surface 
dimer peak S1 in the core level spectrum, as well as its counterpart in the valence band 
spectrum, did not re-appear until additional heating to 600 °C, suggesting that the 
diamond surface became disordered after the desorption of the chemically bonded 
adlayer, and required thermal activation for reconstruction. This is further proof that the 
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organics were chemically adsorbed on the reconstructed diamond surfaces and formed 
covalent bonds with the surface dimer atoms.  





 B: bulk diamond C1s fit           S1: surface dimer C1s fit



















Fig. 3.9. C1s core level and valence band spectra of (a) C(100) 2×1 and after dosing 
10000 L acrylic acid molecules; and subsequent annealing to: (c) 100 oC, (d) 200 oC, 
(e) 300 oC, (f) 600 oC, (c) 900 oC. B: C1s of bulk diamond; S1: surface dimer signal in 
C1s; S2: adsorbed acrylic acid in C1s; S3: surface state in valence band. 
 
3.2.2 Acetylene adsorption/desorption on a diamond (100)-2×1 surface 
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 The HREELS spectra in Fig. 3.10 show that the adsorption of acetylene on bare 
diamond produces new vibration modes like C=C and sp2 C-H stretching (382.1meV). 
Since the adlayer is thermally stable to 200 oC, we believe that acetylene forms a 
chemisorbed layer. The C 1s core level spectra in Fig. 3.11 show that the adsorption of 
acetylene results in a chemically shifted C1s peak at 1 eV from the bulk peak, which we 
assign to the unsaturated C=C bonds in acetylene. It is noteworthy that even after a 
100,000 L dose of acetylene on the surface, peaks due to the surface dimers of the clean 
surface did not disappear, suggesting that the sticking probability of acetylene on the 
surface is very low.  
























Fig. 3.10. HREELS spectra of (a) C(100) 2×1; after dosing (b) 100L, (c) 1000L, (d) 
10000L, (e) 50000L acetylene; and after subsequent annealing to (f) 100oC, (g) 
200oC, and (h) 300oC.  




















Fig.3.11. C1s core level spectra of (a) C(100) 2×1; after dosing (b) 1000L, (c) 10000L 
and (d) 100000L of acetylene on the surface; and after subsequent annealing to (b) 
150oC and (c) 300oC. B: bulk diamond signal; S: dimer signal; A: acetylene signal. 
 
3.2.3 Adsorption and desorption of 1,3 butadiene 
 Figure 3.12 shows the HREELS spectrum for the adsorption of 1,3 butadiene on 
clean C(100) 2×1. The spectrum of adsorbed butadiene shows much stronger C-H 
bending and stretching peaks compared to the other organics used in this work, with 
dosage levels which are 1% -10% of the saturation dosages usually employed for the 
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other organic molecules. Due to the sharper C-H bending modes at 140 meV, its 
overtone can be observed as a broad signal at 280 meV. This feature is also observed 
for hydrogenated diamond, but otherwise absent in the HREELS spectra of other 
organic systems due to the much weaker C-H bending signals. The desorption 
temperature of 1,3 butadiene was observed to be higher than 400 °C, whereas all the 
other organics desorbed by 300 °C. This suggests that 1,3 butadiene has a higher 
sticking probability compared to the other organic molecules, and that the adlayer 
formed on the diamond surface is more stable than all other organic adsorbates 
considered in this work. Fig. 3.13 shows the plot of loss intensities versus primary 
beam energy; interestingly, the same resonance scattering profile observed for 
hydrogenated C(100) 2×1: H can be observed for 1,3 butadiene. Previously we 
associated this resonance scattering with a NEA surface where electrons can be 
scattered more efficiently from the conduction band, we will show in a later section that 
the 1,3 butadiene-dosed surface indeed exhibits the condition of NEA. 
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Fig. 3.12. HREELS spectra of (a) C(100) 2×1, and after dosing (b) 10L, (d) 100L and 
(d) 1000L of 1,3-butadiene; after subsequent annealing to (e) 200oC, and (f) 400oC. 
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Fig. 3.13. Plot of loss intensities for different primary beam energies (Ep) after 
saturation dosage of 1,3-butadiene on diamond C(100), with Ep of (i) 3eV, (ii) 5eV, 
(iii) 7eV, (iv) 8eV, (v) 10eV, (vi) 15eV. B: bulk phonon TO at X. 
 
    Fig. 3.14 shows the changes in the valence band spectrum of the clean diamond 
collected at normal and off-normal emission following exposures to 1,3 butadiene. 
There are observable differences in peak intensities in these two cases, which can be 
explained by the more directional nature of the p orbitals from the dimer states of 
reconstructed diamond (1.7 eV) as well as carbon 2p signals of bulk diamond (11 eV), 
as these emission states appear stronger at normal emission compared to off-normal 
emission. At off-normal emission, the C 2p of the adsorbed adlayer can be seen 






















clearly as these are not masked by the bulk diamond signal, and the peak intensity 
grows with increasing coverage of 1,3 butadiene on the surface; this is accompanied 
by the attenuation of the surface dimer peak at 1.7 eV. Fig. 3.15 shows the changes in 
the corresponding C1s core level spectra. Similar to previous adsorption cases, 
exposure to 1,3 butadiene attenuates the emission due to the dimer state; however, no 
other chemically shifted component can be seen even at saturation exposures due 
possibly to the overlap of similar spectral features between the adsorbate and bulk.   
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Fig. 3.14. Valence band of C(100) 2×1 after exposure to 1,3 butadiene: (a) normal 
emission, from bottom up: (i) bare diamond, and after dosing (ii)1L, (iii)10L, (iv) 
100L, (v)500L, (vi) 1000L, and (vii) 2000L; (b) off-normal emission, from bottom 
up: (i) hydrogenated diamond, (ii) bare diamond, and after dosing (iii)1L, (iv)10L, (v) 






Fig 3.15. C1s spectra of (a) C(100) 2×1:H, (b) C(100) 2×1; and after dosing (c) 100 L, 
and (d) 1000 L 1,3-butadiene. 
 
3.3 Hydrocarbon-induced lowering of electron affinity on diamond (100)-2×1 
  In this work, we discover that the adsorption of almost all organic molecules (i.e. 
allyl alcohol, acrylic acid, acetylene, 1,3 butadiene, etc) on the diamond C(100)-2×1 
surface lowered the electron affinity of the surface from the positive electron affinity 
(PEA) condition and enhanced secondary electron emission significantly. This 
phenomena was studied by analysing the low energy cut-off in the photoelectron 
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spectra using the synchrotron light source at hν = 60eV. The low energy cut-off in the 
secondary electron emission originates from the conduction band minimum (CBM) in 
the event of NEA.10-14 Secondary electrons which are excited into the conduction band 
states rapidly thermalize down to the CBM and spontaneously escape if the vacuum 
level is positioned beneath the CBM. For PEA, secondary electrons escape from states 
above the vacuum level. Therefore for a p-type semiconductor with NEA, the peak of 
the low energy cut-off, when referenced to the Fermi level, is expected to be less than 
or equal to the band gap energy (5.5 eV). The secondary electron yield from the NEA 





































Fig. 3.16. Secondary electron emission spectra of (a) C(100)2×1:H, and after 
saturated dosing of (b) 1,3-butadiene, (c) allyl alcohol, (d) acrylic acid, and (e) 
acetylene; (f) The spectrum of bare diamond C(100)2×1. 
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The secondary electron emission spectra (vacuum cut-off of the spectra) are shown 
in Fig. 3.16 for H-terminated and bare diamond, and after saturation dosages of the 
various organic molecules. The bare surface has a very weak secondary electron peak 
with an intensity that is less than 5% of the hydrogen-terminated surface. The low 
energy cut off is situated at ~6 eV, compared to ~5.2 eV for the hydrogenated surface. 
Thus it is obvious that the bare surface has the condition of PEA, whilst the 
hydrogenated diamond surface may have NEA. Interestingly, dosing the various 
organic molecules at room temperature also lowers the electron affinity of the diamond 
surface, by as much as 0.8 eV. As shown in Fig. 3.16, the intensity of the secondary 
electron peak was increased from that of the clean surface, according to the descending 
order of their relative intensities, we have 1,3-butadiene, allyl alcohol, acetylene and 
acrylic acid. 1,3-butadiene was found to show the strongest enhancement of the 
secondary electron emission condition for room temperature adsorption after saturation 
exposures. Fig. 3.17-(a) shows the change in the secondary electron yield when 1,3-
butadiene was dosed onto the diamond surface, followed by thermal annealing to 
investigate the effect on the secondary electron yield. After saturation dosage of 
butadiene, the secondary yield obtained was only 40% of the H-terminated surface. 
However, after annealing to 150 oC, the secondary electron yield reached 70% of the H-
terminated diamond surface. This may be attributed to the dissociation of the C-H 
bonds of the adsorbed layers at higher temperature, resulting in partial hydrogen 
coverage of the diamond surface. The same trends were observed for the other organic 
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system like allyl alcohol (Fig. 3.17-(b)) in that the secondary electron yield increases 
upon annealing the adlayer to elevated temperatures above 150 oC. We are not able to 
detect from HREELS or electron spectroscopy the changes in the chemical bonding of 
the adlayer following annealing, but we suggest that the dehydrogenation of the surface 
adsorbate may change the adlayer characteristics, i.e. polymerization or increasing 
unsaturation.  



























Fig. 3.17. Secondary electron emission spectra of (a): (i) C(100) 2×1, and after dosing 
(ii) 10 L, (iii) 100 L, (iv) 1000 L of 1,3-butadiene, followed by annealing to (v) 60 oC, 
(vi) 100 oC, (vii) 200 oC, and (viii) 300 oC. (ix) C(100) 2×1:H for comparison. (b) (i)  
C(100) 2×1, and after dosing (ii) 10,000L allyl alcohol, followed by annealing to (iii) 
60oC, (vi) 100oC, (v) 200oC, and (vi) 300oC. (vii) spectrum of C(100)2×1:H for 
comparison.  
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3.4 X-ray Adsorption Spectroscopy Study 








      





































 Photon Energy (eV)
 
(a)
Photon Energy (eV) 
 
Fig 3.18. Near Edge X-ray Absorption Spectra of (a) C(100) 2×1 with incident X-ray 
angle of (i) 0o, (ii) 35 o, (iii) 52o and (iv) 67o; (b) same as (a) but for C(100) 2×1:H (c) 
after saturation dose with acetylene and (d) after saturation dose with 1,3-butadiene, 
with incident X-ray angle: (i) 0o, (ii) 50o, and (iii) 60o. 
The dimer rows on C(100) 2×1 can potentially act as a template for ordered 
assembly of organic layers. The orientation of the dimers has been confirmed in our 
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study by angle-dependant Near Edge X-ray Adsorption measurements (NEXAFS) in 
Fig. 3.18-(a). The 283.5eV exciton observed on bare diamond is related to the 
antibonding π*C-C orbital35 of the surface dimer, and the higher peak intensity at more 
grazing incidence of the polarized X-ray suggests that the p-orbital is oriented parallel 
to the surface normal. A small pre-edge peak located at 286 eV is assigned to the C-H 
σ* state; in (a) it is due to residual surface hydrogen, this peak is stronger in the 
hydrogenated diamond surface, as can be seen in (b). The resonant scattering observed 
in HREELS for hydrogenated diamond may be due to scattering into unfilled C-H σ* 
states which are above the vacuum level in the case of NEA. Fig. 3.18 (c) and (d) show 
that the adsorption of acetylene and 1,3-butadiene, respectively, on the surface 
attenuates the 283.5 eV exciton significantly indicating the destruction of surface π 
bonds in σ bond formation. In (c), only a weak π*C-C peak at 284 eV can be observed 
for acetylene-dosed diamond which increases in intensity with incident X-ray angle. 
However, the π*C-C peak in the case of diamond dosed with 1,3-butadiene shows no 
angular dependence.  
 
3.5 Discussion 
 The chemisorption of allyl organics, 1,3-butadiene and acetylene on diamond 
C(100)-2×1 has been verified in this study by HREELS and photoelectron 
spectroscopy. All the adsorbates remained stable to 300 oC, while 1,3-butadiene is 
thermally stable to temperatures above 400 oC, which suggests that covalent bonds 
were involved in the adsorption as opposed to weakly bound physisorbed layers. The 
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attenuation of the dimer state-related peaks observed in the C1s core level peaks as well 
as valence band spectra following the exposures to these organic molecules is due to 
the breaking of the dimer π-bonds on the diamond surface and formation of σ bonds 
between the diamond and the adsorbing organics. This suggests that adsorption was not 
restricted to defect sites on the surface. If we use either the ratio of the C-H stretching 
peak to the elastic peak, or the secondary electron yield from the surface following the 
adsorption of the organic molecules as a rough gauge of surface coverage, 1,3-
butadiene shows the highest coverage on the diamond surface (1000L dose) among all 
the organic molecules considered in this work, and acetylene shows the lowest 
coverage (100,000 L dose), at their respective saturation dosage. One possible reaction 
between allyl organics (or acetylene) and diamond C(100)-2×1 is the [2+2] type 
cycloadditions; for 1,3 butadiene, it can follow either the [2+2] or [4+2] type 
cycloaddition. Another possibility is the end conjugation of the organic molecule to the 
surface dimer bonds, in this case the surface dimer atoms can act as diradicals with one 
radical site initiating the attack on the unsaturated bonds in the organic molecules.  By 
either mechanism, the π bonding in the surface dimer will be broken, to be replaced by 
σ bonds, which explains the attenuation of the dimer state-related features in the C1s 
core level or valence band spectrum following exposures to these organics. The 
suggested reaction scheme for [2+2] type cycloadditions is shown in Fig. 3.19. For 
organic molecules such as 1,3-butadiene and acetylene, unsaturation can occur in the 
molecules after bonding and bond re-arrangement. The higher coverage of 1,3-
butadiene and greater thermal stability on C(100)-2×1 compared to the rest of the 
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organic systems suggests that it possibly bonds differently compared to the rest, since it 
is the only species here that can undergo [4+2] type cycloaddition. Without considering 
the symmetry of the reacting frontier orbitals, but focusing our attention on the stability 
of the adduct formed on a solid template with a restricted degree of in-plane freedom, it 
can be appreciated quite readily that the [4+2] adduct of 1,3-butadiene can bond to the 
diamond dimer atoms with more relaxed C-C bond angles, compared to the strained 4-
membered ring of the [2+2] adduct. The bonding of 1,3-butadiene on C(100) 2×1 had 
been observed by Hossain and coworkers and assigned to [4+2] type cycloaddition5, 





































X=COOH, CH2OH or CH2Cl
 
 
Fig.3.19. [2+2] cycloadditions for 1,3-butadiene, allyl orgnics and acetylene on 
C(100)-2×1 surface.  
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    Fan15 suggested that there are exceptions to the Woodward-Hoffman rules for 
surface [2+2] cycloadditions, especially when applied to an extended solid phase 
system. In contrast to molecular systems, where electron transfer occurs from discrete 
orbitals, electron transfer can proceed from a continuum of states in solid systems. 
When orbital interactions between two reactants leads to crossing over the Fermi level, 
electron transfer can proceed; as a result the surface reaction is very different from the 
gas phase counterpart. We have tested the reactions of allyl alcohol on heavily boron-
doped polycrystalline diamond and found that the reaction probabilities in this case are 
higher than that on single crystalline diamond, suggesting that the Fermi level of the 
reacting solid has a definite influence on the [2+2] reaction probabilities. Alternatively, 
due to the presence of a functional group like OH, or COOH, in the allyl organics, an 
asymmetric [2+2] pathway is likely. In this mechanism, the formation of a π complex, 
or a diradical intermediate with one end of the reactant first conjugated to the surface π 
bonds, has also been suggested.  
    Our NEXAFS study shows that the π* orbitals of adsorbed acetylene show similar 
angular dependence as the diamond surface π bonds, indicating that it is adsorbed with 
its bond axis in the plane of the diamond surface; it is most probably a [2+2] adduct. 
Although it is beyond the scope of this work to provide accurate quantitative sticking 
probability measurements, we can judge from both the weaker C-H loss intensity in 
HREELS, as well as the weaker π* exciton peak in NEXAFS, that the surface coverage 
of acetylene is significantly lower than that of 1,3-butadiene. This implies that the 
reaction probability of the [2+2] cycloaddition is much lower than the [4+2]. The 
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NEXAFS study detected no angular dependence for the π* orbitals of 1,3-butadiene, 
indicating that the bonding is disordered. This might be due to the greater flexibility of 
the six-membered ring in the 1,3-butadiene adduct which introduces varying degrees of 
in-plane tilt, compared to the more structurally rigid four-membered adduct in 
acetylene. 
This work provides the first documentation that the adsorption of hydrocarbons 
can lower the electron affinity of the clean diamond surface significantly. Prior to this, 
all previous literature in this area focused on the hydrogen-terminated diamond surface. 
In the case of the hydrogen-terminated diamond surface, the surface dipole of Cδ--Hδ+ 
can help to lower the surface vacuum level with respect to the CBM. However no such 
dipole can occur between C-C covalent bonds formed between the adsorbed organic 
and diamond; core level photoelectron spectroscopy shows that there is no significant 
change in the condition of band bending on clean diamond following the adsorption of 
organic molecules, as such changes are expected when there is charge transfer. On the 
other hand, if we consider the covalently bound organic as an extension of the diamond 
lattice, then the terminal C-H bonds of organics like 1,3-butadiene, acetylene, allyl 
alcohol have the positive end of the dipole facing the vacuum. The planar average of 
the electrostatic potential field on the diamond surface will be lowered as a result. The 
surface bound organics itself can also exhibit true negative electron affinity because the 
wide separation between the bonding and antibonding orbitals in these molecular 
systems causes the vacuum level to be beneath the antibonding orbitals. Our 
measurements show that the secondary electron yield obtained from the hydrocarbon-
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dosed surface, while significantly higher than that of the bare diamond surface, is 
however lower than that of hydrogenated diamond for all molecules studied here. One 
explanation is that the steric hindrance from these larger molecules precludes a high-
density surface coverage similar to hydrogen termination. The highest secondary yield 
observed for room temperature adsorption was about 40% that of the hydrogenated 
surfaces, and that was obtained from the surface dosed with 1,3-butadiene. We 
previously explained that this molecule has a higher sticking probability on diamond, 
possibly due to the symmetry-favored [4+2] cycloaddition.   
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Chapter 4 HREELS Study of Chemical Modification of 
Diamond (111)-2×1 Surface through the Adsorption of 
Aromatics 
 
Ultrathin organic layers of organic molecules can be assembled on group IV (eg. 
silicon, germanium, diamond) surfaces using surface analogs of well-known 
cycloaddition reactions from organic chemistry. Such organic-functionalized 
semiconductors afford a well-defined molecular template that show potential for 
spatially-controlled reactions, nano-lithography or molecular electronics. Although 
the reactions of these organic molecules with the reconstructed semiconductor 
surfaces have been commonly rationalized on the basis of concerted cycloaddition, 
these reactions are more often than not characterized by the failure to observe the 
exclusively symmetry-allowed products. Particularly in the case of multifuctional 
organic molecules, more than one reaction channel is possible, and the outcome is 
governed by a complex interplay of kinetic and thermodynamic considerations, not 
excluding factors such as the surface relaxation and chemical structure of the 
molecules. The chemical adsorption of aromatic molecules has been studied 
extensively on Si and Ge surfaces.  The adsorption of aromatic molecules can 
proceed via [4+2] or [2+2] cycloaddition on the dimers of the Si (100) 2×1 surface1, 
or on the bi-radical formed by adjacent adatom-rest atom pair on the Si(111) 7×7 
surface2. The adsorption of benzene3-5 or toluene5 involves a [4+2] cycloaddition in 
which two of the conjugated C=C bonds in the benzene ring form a σ–bond with 
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surface Si or Ge atoms, thus destroying their aromaticity. For multifunctional 
aromatic molecules which have external C=C bonds that are conjugated to the phenyl 
ring, the adsorption can proceed through different reaction channels involving either 
the internal or external C=C bonds1,2,5. For aromatic molecules with C≡C or C≡N 
conjugated to the phenyl ring, such as phenyl acetylene2,5, or benzonitrile6, the 
reaction pathway proceeds via [2+2] cycloaddition with the unsaturated end group in 
order to preserve the aromaticity of the highly conjugated styrene-like structure. 
    The “Pandey Chain” structure of diamond (111) is unique and can act as a 
potential template for the one dimensional assembly of organic molecules7. Previous 
studies on the diamond (111)-2×1 surface reactivity focused mainly on the adsorption 
of growth precursors such as H, CH3, CH2, C2H, C2H2, O2, in an effort to understand 
the growth mechanism of the diamond (111) surface. There have been no 
experimental studies to date that examine the reactivity of the Pandey chain towards 
aromatic organic systems.  
 
4.1 Formation of a hydrogen free diamond C(111)-2×1 surface 
The ideal 1×1 reconstructed diamond C(111) surface is terminated by a single C-
H bond per surface atom8. Annealing this surface to 1300 K in vacuum will induce 
hydrogen desorption and surface reconstruction, thus generating the π–bonded Pandey 
chain structure9. The HREELS spectra of diamond (111) surface before and after 
annealing is presented in Fig. 4.1. The HREELS spectrum of the as-received diamond 
(111) surface shows C-H a stretching peak at 362meV and a C-H bending peak at 
93 
177meV. The weak signal at 99meV (S1) can be assigned to the olefinic =CH2 
wagging or aliphatic –CH2 rocking on the diamond (111)-1×1 surface.14 After 
annealing to 200oC (Fig.4.1-(b)), both C-H stretching and bending peaks become 
sharper, probably due to the desorption of the surface adsorbant9, 10. After further 
annealing to 1100oC, the strongest loss signal in the HREELS spectrum is a broad 
peak centered around 128meV (Fig.4.1-(c)). This peak should be assigned as a 
mixture of the C-H bending mode and diamond substrate bulk phonon, which peaked 
at 136meV prior to annealing (Fig.4.1-(a)) 9,11. Both the increase in intensity and shift 
in wavelength of this peak agree with previous observations.9 The 2×1 reconstructed 
surface is obtained after annealing to 1100oC, characterized by the absence of C-H 
vibrations in the HREELS spectrum. At the same time, a small signal was observed at 
83meV (S2), which can be assigned to the rocking motion of the surface chain.8 
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Fig 4.1 HREELS spectra of (a) as-received diamond (111) surface; and after 
annealing to (b) 200oC and (c) 1100oC. 
 
    The primary energy dependent HREELS spectra of both the H-terminated 
diamond (111) and hydrogen-free diamond (111) surfaces are shown in Fig 4.2. On 
the H-terminated C(111) surface, the strongest C-H signal is observed at Ep = 8-10eV. 
Meanwhile, the relative intensity of the C-H bending at 177meV to phonon at 136 
meV changes gradually when the primary electron beam energy is varied, with the C-
H bending mode appearing strongest at Ep = 7-8eV. In Chapter 3, we observed a 
similar resonance effect on the diamond (100) surface and attributed this energy 
dependence to the C-H bonding and thus negative electron affinity of the diamond 




















surface. This is further supported by the lack of primary energy dependence in the 
HREELS spectra of the hydrogen-free diamond (111) surface. 




































Fig 4.2 Primary electron energy dependent HREELS spectra of (a) hydrogen 
terminated diamond (111) surface and (b) hydrogen-free diamond (111)-2×1 surface. 
The primary energy used to collect each spectrum is denoted.  
 
4.2 Adsorption/Desorption of benzene on a diamond (111)-2×1 surface 
    According to previous studies on reconstructed Si surfaces, benzene undergoes a 
[4+2] cycloaddition reaction with the surface dimers in a similar fashion as 1,3-
butadiene. Two conjugated C=C bonds in the benzene ring can serve as the diene to 
form a six-membered ring with the silicon surface dimer.  On the diamond (111)-
2×1 surface, after dosing 10000L (Fig. 4.3) benzene, a mixture of sp3 and sp2 C-H 
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vibrational modes were observed, as would be expected for the [4+2] cycloaddition of 
a benzene ring on the dimer. However, the overall C-H peak intensity was rather weak 
at the same dosage when compared to toluene, styrene and phenyl acetylene. 
Moreover, the complete desorption of the adsorbed species at 100oC suggests that 
benzene cannot be chemisorbed on  hydrogen-free diamond (111) surfaces. In the 
following sections we will demonstrate the chemisorption of toluene, styrene and 
phenyl acetylene on bare diamond (111) surfaces. Our work shows the functional 
groups external to the benzene ring exert significant influence on the chemisortion of 
aromatic molecules on reconstructed diamond surfaces. 
                 
Fig. 4.3 HREELS spectra of (a) bare diamond (111); after dosing of (b) 1000L and (c) 
10000L of  benzene on the surface; and after subsequent annealing to (d) 100oC. 
 




















4.3 Adsorption/Desorption of toluene on a diamond (111)-2×1 surface 
    Fig.4.4 shows the HREELS spectra of toluene dosed on bare diamond (111) at 
room temperature and after subsequent annealing. Observed HREELS peaks related 
to toluene adsorption include C-H stretching at higher than 360meV (which can be 
deconvoluted into two components at 362 and 381 meV, respectively), C-H bending 
at 179meV and C=C stretching at 202meV (Fig. 4.4-(e)). The desorption profile of 
toluene on diamond (111) suggests that the adsorption is chemical in nature. After 
annealing to 50oC, the intensity of the C-H stretching peak decreases by 20% (Fig. 
4.4-(f)). At this stage, the intensity of the sp3-related component is slightly stronger 
than the sp2-related component in the C-H stretching peak. Meanwhile, both the shape 
and the intensity of this peak remain constant after subsequent annealing to as high as 
200oC (Fig. 4.4 (g)-(h)). Therefore the decrease in toluene signal intensity at 50oC is 
probably due to the thermal desorption of physisorbed molecules, leaving only a 
chemically-bonded toluene layer on the surface. Even after further annealing to 400oC 
(Fig. 4.4-(j)), significant amount of adsorbate-related signals can still be observed, 
showing that the molecule is very likely to be chemically -bonded on the surface. 
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Fig. 4.4 HREELS spectra of (a) bare diamond (111); after dosing of (b) 10L; (c) 
100L; (d) 1000L and (e) 5000L of toluene on the surface; and after subsequent 
annealing to (f) 50oC; (g) 100oC; (h) 200oC; (i) 300oC; and (j) 400oC. 















































Fig. 4.5 HREELS spectra of the C-H stretching mode collected on (a) Hydrogenated 
diamond (111); and after dosing of (b) toluene; (c) styrene; (d) phenyl acetylene at 
room temperature till saturation; (e) HREELS spectra of 100L of phenyl acetylene 
dosed at 100K (Original Intensity × 2).  
 
    In order to resolve the various C-H stretching components of the adsorbed 
molecules, the HREELS spectra of the hydrogenated diamond (111) and a variety of 
molecules adsorbed on the bare diamond (111) in the 300-480 meV energy loss range 
are plotted and peak-fitted, as shown in Fig. 4.5. The peak position of sp3, sp2 and sp 
C-H stretching modes and their relative intensities observed in HREELS spectra are 
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summarized in Table 4.1. The C-H stretching peak of toluene adsorbed on the bare 
diamond (111) (Fig. 4.5-(b)) can be deconvoluted into two components: a stronger 
signal at 367meV and a weaker signal at 385meV, which can be attributed to sp3 and 
sp2 carbon, respectively. The ratio of sp3 to sp2 is determined to be 1.21:1 based on 
the peak area. However, since the ratio of sp3 carbon to sp2 carbon is 3:5 in a toluene 
molecule (C6H5-CH3), the higher intensity of the sp3 signal in our case reflects the 
change of bonding in the toluene molecular structure after adsorption. This implies 
that such adsorption should be chemisorption rather than physisorption, and thus 
should involve unsaturated bond-breaking.  
 
Table 4.1 Summary of C-H Stretching Modes and Relative Intensity by Peak-Fitting 
of HREELS C-H Stretching Modes 
 
Surface C-H Stretching Energy Loss (meV) Relative Intensity 
  sp3 C-H sp2 C-H sp C-H sp3:sp2 sp: sp2 
Hydrogenated C(111) 364 / / / / 
Toluene/Bare C(111) 367 385 / 1.21 / 
Styrene/Bare C(111) 365 379 / 0.61 / 
Phenyl Actylene/Bare C(111) / 381 / / / 
Phenyl Actylene/Bare C(111), 
100K 408 378 / / 0.17 
 
    Based on the observed HREELS spectra and the good thermal stability of 
adsorbed tolulene, the chemisorption of toluene involving unsaturated bond-breaking 
is likely to be [4+2] cycloaddition with the surface dimer, as illustrated in Scheme 4.1. 
Because of the existence of the methyl group, two different structures may form on 
the surface. Structure (a) will predict an sp3 to sp2 ratio of 4:4, while structure (b) will 
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predict a ratio of 5:3. Our observed value of 1.21 is in between these two cases. 
However, Configuration (b) is likely to be the more stable structure as proposed by 
Costanzo et al.15, probably due to the smaller steric hindrance because the methyl 
group is farther from the surface. 
Scheme. 4.1 Adsorption of toluene on reconstructed diamond (111) -2×1 surface 
     
    The much enhanced chemisorption of toluene compared with benzene is due to 
the presence of the methyl group. The methyl group is electron-donating when 
attached on a benzene ring. Since thermally-allowed Diels-Alder reactions require 
overlapping between the HOMO of the diene (the benzene ring in this case) and the 
LUMO of the dienophile (the diamond surface dimer in this case), such reactions 
prefer electron-withdrawing groups on the dienophile to react with an electron-rich 
dienophile. Therefore, the electron-donating effect of the methyl group may enhance 
the reactivity of toluene with the diamond surface dimer as compared to benzene. 
Specifically, the methyl group activates the ortho and para positions of the phenyl 
(a) C-H sp3 : sp2 = 4: 4 










ring toward an electrophilic reagent15. In this regard, the reaction barrier of Scheme 
4.1-(a) might be lower than (b). The combined effect of the reaction barrier and the 
steric hindrance in the adsorption structure may result in the coexistence of structure 
(a) and (b), which explains the in-between sp3: sp2 ratio. 
 
4.4 Adsorption/Desorption of styrene on a diamond (111)-2×1 surface 
    Upon the adsorption of styrene on the C(111) bare surface, the HREELS 
spectrum shows a mixture of sp2/sp3 C-H stretching modes, as well as C-H bending 
signals peaked at 177meV (Fig. 4.6). The sp3 C-H component intensity is only about 
0.61 times that of the sp3 C-H component at saturation dosage (10000L in this case, 
Fig. 4.6-(c), also see Table 4.1 and Fig. 4.5-(c)). 
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Fig. 4.6 HREELS spectra of (a) bare diamond (111); after dosing of (b) 1000L and (c) 
10000L of styrene on the surface; and after subsequent annealing to (d) 100oC; (e) 
200oC; (f) 300oC; (g) 500oC; and (h) 1000oC. 
 
    Three possible reaction paths are illustrated in Scheme 4.2. If the reaction 
proceeds through the [2+2] addition of the ethylene group similar to that on the 
Si(100)-2×1 surface13, an sp3:sp2 ratio of 3:5 can be predicted (Scheme 4.2-(A)). On 
the other hand, if the [4+2] cycloaddition of the benzene ring occurs (Scheme 4.2-
(B)), it would give an sp2:sp3 ratio of 6:2. A third possibility is the [4+2] reaction 
involving the ethylene C=C end group and its conjugated C=C in the benzene ring 




























(Scheme 4.2-(C)), similar to the reactions reported on Si(111)-7×7.2,6  This 
configuration would also predict an sp2:sp3 ratio of 3:5. Therefore, based on the 
information from HREELS spectra alone, we cannot rule out mechanism (A) or (C) 
for the adsorption path of styrene on the bare diamond (111), as they both predict a 
sp2:sp3 ratio close to our observation. Both adsorption structures (A) and (C) preserve 
the conjugation of π bonds in the molecule to some extent. 
Scheme 4.2 Adsorption of styrene on a reconstructed diamond (111) -2×1 surface, the 
2 carbon atoms in the end ethylene group are labeled as (a) and (b). 
 
    Upon annealing to 200-300oC, both the C-H stretching and bending signals 
increased dramatically (Fig. 4.6 (e)-(h)). One explanation is the polymerization of 
styrene, giving rise to strong but poorly resolved C-H signals. Fine structures are not 
distinguishable due to the very low resolution after mild annealing (20meV). The C-H 
signals are very stable on the C(111) surface and observable even after annealing to 



















4.5 Adsorption/Desorption of phenyl acetylene on a diamond (111)-2×1 surface 
                                               
Fig. 4.7 HREELS spectra of (a) bare diamond (111); after dosing of (b) 100L; (c) 
1000L and (d) 10000L of phenyl acetylene on the surface; and after subsequent 
annealing to (e) 100oC; (f) 200oC; (g) 300oC; (h) 400oC; and (i) 500oC.  
      
    The adsorption/desorption profile of phenyl acetylene dosed on bare diamond 
(111) at room temperature and after annealing is presented in Fig. 4.7. Sharp sp2 C-H 
stretching at 381meV and C=C stretching at 202 meV features could be observed after 
dosing phenyl acetylene on the bare diamond (111) surface at room temperature (Fig. 





























4.7-(d) and Fig.4.5-(d)). However upon mild annealing to 200-400oC (Fig.4.7 (e)-(h)), 
the sp3 C-H stretching signal gradually increased, which might be due to the change in 
adsorption configuration, or due to the fragmentation of the molecule upon desorption 
with hydrogen retention on the diamond surface. This molecule is quite stable on the 
diamond surface as judged from the persistent vibrational modes in the HREELS 
spectra even after annealing to 500 oC. 
    The HREELS spectra of phenyl acetylene physisorbed at 100 K on bare diamond 
(111) was also collected for comparison. The peak-fitted C-H stretch mode is shown 
in Fig. 4.5-(e). At 100 K, an sp C-H stretching mode (408meV) could be observed, 
corresponding to the -C≡C-H end group in phenyl acetylene. The peak ratio of sp to 
sp2 C-H was determined to be 0.17 as shown in Table 1, close to the theoretical value 
of 1:5 in molecular phenyl acetylene. Therefore, the absence of the sp C-H stretching 
component after dosing phenyl acetylene on the diamond (111)-2×1 surface suggests 
that the chemisorption probably proceeds through the [2+2] cycloaddition of the triple 
bond with the surface dimer, thus maintaining the stable benzene ring structure. The 
[2+2] cycloaddition of phenyl acetylene through C≡C not only preserves the large 
conjugated system in the benzene ring, but also extends the conjugation to the C=C 
after the bond-breaking of C≡C. On the contrary, the [4+2] reaction disrupts the 
conjugation in the benzene ring. Therefore, the C≡C [2+2] reaction product should be 
more stable than the [4+2] product. This result agrees with the chemisorption of 
phenyl acetylene on silicon surfaces, where the chemical attachment occurred through 
π bond breaking in C≡C.2,6  
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    In summary, this work demonstrates that although benzene does not chemisorb 
on the bare diamond (111)-2×1 surface, multifunctional aromatic molecules do show 
appreciable reactivity on the diamond surface. Such influences are due to: (1) the 
electron-donating property of the methyl group in toluene, which enhances the [4+2] 
cycloaddition reaction in which the phenyl ring acts as a diene; (2) the preservation of 
conjugation in phenyl acetylene reaction products, when the cycloaddition proceeds 
through the C≡C instead of the phenyl ring. The steric hindrance of the adsorbate is 
also a determining factor of the adsorption structure. However, more studies are 
necessary to clarify the differences in reactivities between the diamond (100) and 
(111) surfaces towards these series of organic molecules. DFT (density function 
theory) calculations can be particularly useful in predicting the adsorption structure. 
This is because a variety of adsorption configurations may be possible for a 
multifunctional aromatic molecule, due to the presence of multiple π–bonding which 
can give rise to various reaction pathways that are thermodynamically close in energy. 
In addition, the possibility of large aromatic molecules interacting with neighboring 
dimers in the Pandey chain structure cannot be ruled out since the size of the 
molecules may span across neighbouring dimers. At present, the detailed mechanism 
cannot be clarified based on the vibrational studies in this work alone. The application 
of other complimentary techniques such as STM (scanning tunneling microscope) and 
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Chapter 5 The chemical bonding of fullerene and fluorinated 
fullerene on bare and hydrogenated Diamond 
 
5.1 Evaporation of C60 on a Bare Diamond (100)-2×1 Surface 
 
Schematic 5.1 showing (a) Covalent binding of C60 on the dimer site of diamond 
(100) 2×1; (b) Physisorption of C60 on diamond. 
    
      Schematic 5.1 illustrates how C60 may adsorb on bare (i.e. hydrogen free) and 
hydrogenated diamond. Figure 5.1 shows the core-level photoemission spectra of the 
C 1s collected at two different electron take-off angles using 350 eV photon energy, 
after the sep-by-step deposition of C60 onto a bare diamond (100)-2×1 surface. Figure 
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5.1-(a) shows that the C1s emission peaks due to the bulk and surface dimer are 
observed at 284.8 and 283.9eV, respectively.1 After evaporating 0.2 monolayer of C60 
onto the surface (Fig.5.1-(b)), a new peak at 284.1 eV attributed to C60 appeared. The 
intensity of the C60 peak increases upon further dosing (Fig.5.1(c)-(e)), and this 
increase is accompanied by a gradual drop in the substrate-related signals, which is 
indicative of the formation of a C60 overlayer film that attenuated the underlying 
substrate signal. It can be seen that the peak at 283.9 eV due to the reconstructed 
diamond surface dimer vanishes rapidly upon the adsorption of C60, even though the 
bulk signal originating from greater depths is still visible. This disappearance of the 
dimer state arises mainly from the disruption of the surface π bonds after their 
conjugation to the C60, and not from the attenuation of the signals by inelastic 
scattering. Using the overlayer attenuaton model (I1 = I∞exp-(d/λcosθ), where the 
terms have their usual meaning2, and taking the inelastic mean free path for the 
kinetic energy of the photoemitted electrons from diamond to be λ ~11.6Å, the 
coverage of the C60 could be estimated by dividing the overlayer thickness, d, by the 
Van der Waals diameter (10.18 Å) of C60. Approximately 2 monolayers of C60 was 
obtained at the highest coverage here, corresponding to the spectra in Fig.5.1-(e). No 
significant shift in the diamond or fullerene C1s peak could be observed, suggesting 
the absence of charge transfer or band bending. 
      The thermal stability of the adsorbed C60 on the bare diamond surface was 
investigated by annealing the as-deposited surface to elevated temperature. As shown 
in Fig.5.1(f)-(h), the intensity of the C60 signal gradually decreased with increasing 
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temperature, due to the desorption of the C60, but the C60 adlayer remains thermally 
stable up to 400oC. After heating to 600oC, the coverage of C60 decreased 
significantly.  
 
Fig.5.1 C1s spectra of (a) bare diamond 100-(2×1) surface, and after dosing (b) 
0.3ML, (c) 0.8ML (d) 1.0ML and (e) 2.0ML of C60 on bare diamond surface; and after 
subsequent annealing to (f) 200oC, (g) 400oC and (h) 600oC. (1) spectra taken at 
θ=90o; (2) spectra taken at θ=30o. θ: photoelectron take-off angle, ML = monolayer. 
Excitation = 350 eV. 
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    Fig.5.2 shows the valence band spectra collected after similar procedures. 
Initially, before the dosing of C60, the surface dimer state on diamond can be observed 
around 2 eV from the Fermi level. Upon the dosing of C60 on the surface, distinctive 
C60-related molecular state emissions could be observed at 1.2, 2.4, 4.6, 6.2, 7.2, 
9.3eV,3,4 the first two peaks originate from the highest occupied molecular orbitals 
HOMO and the HOMO-1, which have mainly π character, while the peaks with 
higher BE are a mixture of π and σ states. 5,6  
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Fig.5.2 Valence band spectra of (a) bare diamond (100)-2×1 surface, and after dosing 
(b) 0.3ML, (c) 0.8ML (d) 1.0ML and (e) 2.0ML of C60 on bare diamond surface; and 
after subsequent annealing to (f) 200oC, (g) 400oC and (h) 600oC.  
 
   Fig.5.3 shows the HREELS spectra collected after dosing one monolayer of C60 
molecules on bare diamond 100-2×1 surface and after annealing to elevated 
temperature. There is a small peak at 359 meV due to residual surface bound 
hydrogen. The C60 vibration signals appear around 65-192 meV, and the overtones of 


























the 120-192 meV region are weakly visible at 224-384 meV. Table 5.1 tabulates the 
peak assignments for the various C60 vibrations observed in our HREELS 
experiments.7-9 Heating above 500 oC  resulted in the desorption of the C60, as can be 
judged by the vanishing C60-related signals in Figure 5.3(f). At this point, there is also 
a blue shift of the C-H stretching mode from 359 meV (corresponding to sp3 C-H) to 
378 meV. This reflects a change in the hybridization of the surface carbon, i.e. from 
sp3 C-H to sp2 C-H, and may be due to the transfer of surface bound hydrogen to 
decomposed residues from desorbing C60. Such surface hydrogen transfer from 
substrate to C60 has also been reported on Si 100-2×1-H after annealing to 300 °C by 
Schmidt et al.7 
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Fig.5.3 HREELS spectra of (a) 1.0ML of C60 evaporated on bare diamond 100-2×1; 
and after annealing to (b) 100oC, (c) 200oC, (d) 300oC, (e) 400oC and (f) 500oC.  
Table 5.1 Assignment of C60 HREELS peaks observed in Fig.5.3 and Fig.5.4. 
Mode HREELS Loss (meV) observed Literature Value (meV) 
ω1 (T1u) 65 66.17, 66.38-9 
ω3 (T1u) 147 147.77-9 
ω4 (T1u) 176* 178.87, 179.09, 181.08 
ω3 (Hg) 94* 89.37, 94.58-9 
ω4 (Hg) 94* 94.58-9, 96.07 
ω5 (Hg) 134 135.57, 136.88-9 
ω7 (Hg) 176* 178.87, 179.09, 181.08 
ω8 (Hg) 195 194.19, 195.18, 196.47 
ω4 (Gu) 119 119.79, 120.67, 120.78 
ω5 (Gu) 164 164.27 
Overtone Broad bump from 224 to 384  
* HREELS signal assigned to two vibrational modes. 


























After the evaporation of C60 onto the bare diamond surface, the sample was 
exposed to ambient air (atmospheric pressure) for ten minutes before recording the 
HREELS signals (Fig.5.4). The purpose of this study is to assess the air-stability of 
the C60-diamond interface. Normally a bare, dehydrogenated diamond surface will be 
partially oxidized upon exposure to the ambient by molecular oxygen10-11 and 
moisture12-13 and the dangling bonds will be quickly saturated.  Thus very strong and 
broad C-H (and also unresolved O-H) signals were observed, as shown in Fig.5.4-(c), 
agreeing with what has been reported previously11-12. Interestingly, on the C60-
adsorbed surface as shown in Fig.5.4-(b), only weak C-H signals were observed upon 
exposure to the ambient, suggesting that the covalent bond formation between C60 and 
diamond has passivated the surface against oxidation. This is analogous to the 
previously observed passivation effect of Si(100) surface dangling bonds by a 
chemisorbed C60 monolayer; the oxidation rate of Si surface was observed to be 
significantly reduced, proving the robustness of the chemical bonding between C60 
and Si(100)-2×1.14 
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Fig.5.4 HREELS of (a) bare diamond surface dosed with 1.0ML of C60; (b) after 
exposing the surface in (a) to atmosphere for 10 minutes; and (c) after exposing bare 
diamond surface to atmosphere for 10 minutes. 
 
5.2 Evaporation of C60 on a hydrogenated Diamond (100)-2×1 Surface 
     For the purpose of comparison, the HREELS spectra of C60 dosed onto a 
hydrogenated diamond surface was also recorded in Fig.5.5. One noticeable 
difference is the better resolved C60-related signals on the hydrogenated diamond 
surface compared to C60 on bare diamond. Usually the conjugation of a molecular 
species onto a condensed phase results in smearing out of the sharper “molecular 
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states” in its electronic spectra due to band formation, but for physisorbed species, the 
molecular states remain sharp. Another important difference is that the C60 on 
hydrogenated diamond appears to be much less thermally stable compared to that on 
bare diamond.  As shown in Fig.5.5-(d), annealing of the C60-dosed surface to 200oC 
caused a gradual desorption of the multilayered C60 films. Further annealing to 300oC 
resulted in complete evaporation of C60 from the surface, and regeneration of the 
diamond HREELS signals (44, 127, 176, 360meV). 





























Fig.5.5 HREELS spectra of C60 evaporated on hydrogenated diamond (100)-2×1 
surface, with dosage (a) 1.0ML; (b) 2.0ML; and after annealing to (c) 100oC, (d) 
200oC, and (e) 300oC. 
5.3 Cyclic voltammetry of C60 adlayer on bare and hydrogenated diamond 
      If C60 forms a covalently bound adlayer on the diamond, the interface which is 
constructed from C-C bonds should be robust, and should be resistant to mild 
hydrolysis in the solution phase. However, if C60 physisorbs on the surface, it will be 
easily displaced from the surface in solution. One way to verify the robustness of the 
C60-diamond interface is to immerse the C60-adsorbed diamond in solution and subject 
it to cyclic voltammetry (CV) to see if fingerprint redox peaks due to C60 can be 
detected. Due to its triply-degenerated lowest unoccupied molecular orbitals 
(LUMO), C60 can undergo six-electron reduction in toluene and o-dichlorobenzene.15-
17 To investigate the heterogeneous electron transfer reaction of a C60 film on a boron-
doped diamond electrode, the CV was performed in acetonitrile, a solvent in which 
C60 has negligible solubility, to prevent the dissolution of the adsorbed C60.18 The CV 
results, as shown in Fig.5.6, reveal that C60 redox peaks can be observed for C60 
which were evaporated directly onto a bare diamond surface, but not on a 
hydrogenated diamond surface. As shown in Figure 5.6(a), the first 3 scans of C60-
bare diamond clearly show sharp redox peaks. In the first redox cycle, two cathodic 
peaks are observed at -0.52V, and -1.28V (the broad and strong nature of this peak 
may suggest a combination of two peaks), and 3 anodic peaks are observed at -1.1V, -
0.60V and -0.04V, respectively relative to the Ag/AgNO3 reference electrode. The 
observed multiple redox peaks agree with literature reports of C60 in MeCN.19 The 
121 
redox current decreases after continuous cycling, due perhaps to the dissolution of 
multilayer C60 into the solvent, and finally, as shown in Fig.5.6-(b), a stable redox pair 
remains on the surface, which may be the redox signal for monolayer C60 which us 
chemically bonded to diamond. The observation of these redox peaks only for C60 
dosed onto bare diamond and not on hydrogenated diamond provides strong evidence 
that the C60 species on the bare diamond surface is chemically bonded.20 It also 
suggests that physisorbed C60 on hydrogen-terminated diamond is not stable and 
readily displaced in solution. 























































Fig.5.6 Cyclic voltammetry of one monolayer of C60 evaporated on diamond (100) -
2×1 surface, in 0.1M Bu4NBF4/MeCN, scan rate: 50mV/s. (a) CV of C60/bare 
diamond, first to third redox cycle; (b) CV of C60/bare diamond, seventh to ninth 
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redox cycle; (c) CV of C60/H-diamond, first to third redox cycle; (d) CV of C60/H-
diamond, senventh to ninth redox cycle. 
5.4 Evaporation of C60F36 on a hydrogenated Diamond (100)-2x1 surface 
      The C1s spectra collected after the evaporation of C60F36 onto the 
hydrogenated diamond surface is presented in Fig. 5.7. Two peaks related to C60F36 
were observed: the peak with B.E. 2.7eV higher than the diamond C1s bulk is 
attributed to the C atoms in C60F36 that are not directly bonded to fluorine, and the 
other peak with B.E. 5.2eV higher than the diamond bulk is attributed to the C atoms 
in C60F36 directly bonded to fluorine. These two peaks grew in intensity while the 
diamond C1s peak decreased in intensity when thicker layers were deposited on the 
diamond surface. After adsorption of only 0.2 monolayer of C60F36 (Fig5.7-(b)), the C 
1s peak shifts to 284.0eV, which is 0.3eV lower. This indicates that submonolayer of 
C60F36 on a diamond surface can induce significant charge transfer. The B.E. of the 
diamond bulk shifted from 284.3eV of the clean H-diamond to 283.5eV when one 
monolayer of C60F36 was deposited on the surface. This indicates an upward band 
bending of 0.80eV in the surface region of diamond arising from hole accumulation.  
      Such hole accumulation can be explained by the transfer doping of the 
diamond surface by C60F36. Transfer doping is due to the presence of the molecular 
LUMOs of the adsorbate, charge transfer to these states create holes in the diamond 
and cause an upward band bending. Such upward band bending, resulting from the 
transfer of electrons from the diamond VBM to the C60 LUMO, has previously been 
proposed on undoped diamond (100) by Strobel et al.21. Meanwhile, Ristein et al. 
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have discovered upward band bending in samples with surface conductivity, 
regardless of bulk doping22. Direct observation of 0.8eV upward band bending was 
also reported before, when tetrafluoro-tetracyanoquinodimethane (F4-TCNQ) was 
evaporated onto a B-doped hydrogen-terminated diamond surface23. Therefore, our 
result is quite reasonable considering the high electron affinity of C60F36. This process 
is reversed with the desorption of C60F36, the diamond bulk B.E gradually shifts back 
to the previous position prior to deposition (284.2eV after annealing to 400oC). After 
annealing to 400oC, we can observe a new peak at 286.5 eV. This peak originated 
from the transfer of fluorine from the C60F36  to the diamond surface, where covalent 
C-F bonds are formed. 
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Fig.5.7 C1s spectra of (a) hydrogenated diamond 100-2×1 surface (signal×1/4); after 
dosing C60F36: (b) 0.2ML (signal×1/2); (c) 0.5ML; (d) 1.0ML; (e) 4.0ML; and after 
annealing to (f) 100oC; (g) 300oC (signal×1/2); (h) 400oC (signal×1/2). 
      Fig.5.8 shows the HREELS spectra of C60F36 evaporated on a hydrogenated 
diamond surface. Upon dosing of five monolayers of C60F36 onto the diamond surface, 
four distinctive peaks (labeled as A, B, C, D, E in Fig.5.8) emerged, attributable to the 
vibration modes of C60F36. Two peaks, labeled as “B” at 146meV and “C” at 216meV, 
can be attributed to C-F stretching (B) and C=C stretching (C), respectively, agreeing 
well with FT-IR, Raman and DFT results.24,25 A weak feature labeled as “A” at 
74meV, as well as another feature labeled as “D” at 41meV which could only be 
observed in the off-specular mode (Inset of Fig.5.8), arises from a mixture of C-F 




















bending and C60 cage deformation; both of these modes are Raman active according 
to calculation.24 The Raman nature of peak A and D could be inferred from the 
relative increase in intensity at off-specular mode compared with other peaks (Inset of 
Fig.5.8). A broad peak labeled as “E” at 291 meV could be assigned to the overtone 
of the C-F stretching at 146meV. Upon thermal annealing, C60F36 desorbs readily by 
250o C. 
Fig.5.8 HREELS spectra of (a) H-diamond 100-2×1; after dosing of (b) 1ML; (c) 
5ML of C60F36; and after annealing to (d) 50oC, (e) 100oC, (f) 150oC, (g) 200oC and 
(h) 250oC. (Last page Fig.5.8) Inset: HREELS spectra of 1ML C60F36 on H-diamond, 
taken at: (i) specular (j) 10o off-specular, and (k) 20o off-specular. 































5.5 Adsorption of C60F36 on a bare Diamond 100-(2×1) Surface 
      





















Fig.5.9. C1s spectra of (a) bare diamond 100-(2×1) surface; after dosing C60F36: (b) 
0.5ML; (c) 1.5ML; and after annealing to (d) 100oC; (e) 300oC; (f) 500oC  and (g) 
700oC. B: diamond bulk; D: diamond surface dimer. 
 
      The deposition of C60F36 on the bare diamond (100) -2×1 resulted in the 
appearance of two chemically shifted peaks at the higher B.E, as shown in the core 
level spectra in Fig.5.9. The peak at 288.5 eV is assigned to the C atoms directly 
bonded to fluorine (C60-F), and the peak at 286.1 eV is assigned to the C atoms not 
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directly bonded to fluorine (C60) in C60F36. On the bare diamond surface, the bulk 
diamond C1s BE was observed at 284.9eV (Fig.5.9-(a)), which is 0.6eV higher than 
that on the H-diamond surface. This is due to the downward band bending of the bare 
diamond surface arising from hole depletion26. However, after dosing 1.5 monolayers 
of C60F36 on the surface, we can observe a 0.3eV of diamond bulk component toward 
lower BE in Fig.5.9-(c). This could either be due to a reversal of the downward band 
bending due to hole accumulation on the bare diamond surface, or related to the 
chemical shift effect of a reactive interface formed between the C60F36 and diamond.   
Fig.5.10 F1s spectra of (a) bare diamond (100)-2×1 surface; after dosing C60F36: (b) 
0.5ML; (c) 1.5ML; and after annealing to (d) 100oC; and (e) 300oC. 
 


























      After annealing several times to 100oC, the intensities of the C60F36-related 
XPS peaks become more intense, suggesting a chemical interaction between C60F36 
and the diamond surface. After annealing to 300oC, only one peak at a B.E. +2.9 eV 
from the bulk diamond peak was observed, which could be assigned to surface carbon 
directly bonded to fluorine. This indicates that the desorption of C60F36 transferred 
fluorine to the diamond surface. Fig.5.10 shows that the F1s peak at 687.3eV in the 
C60F36 molecule shifted to 1eV B. E. after annealing the surface to 300oC, indicating 
the direct binding of fluorine on the diamond surface.  
      C60 thin films have been documented to sublime in UHV at around 200-300oC 
from hydrogenated diamond27, SiC28, and GeS surfaces30 without undergoing any 
chemical interaction. On Si(100)-2×1-H surface, covalent bonding of C60 to the 
surface can be achieved by hydrogen transfer reaction after thermal activation for 
temperatures between 190-230 oC.7,20.  However, on diamond, the bond energy of the 
surface C-H bond is much higher than the sublimation temperature of C60, thereby 
precluding reaction between C60 and diamond by hydrogen transfer reaction. Our CV 
studies failed to observe any C60-related signals from physisorbed C60, suggesting that 
the adlayer desorbs from the diamond surface in solution, as discussed above. The 
weakly bonded interface imposes a limit to practical applications since in the ambient, 
the interface will be attacked by moisture. Likewise, no chemical adsorption was 
found for C60F36 on a H-diamond surface, since C60F36 is even more volatile than C60 
and desorbs from the diamond surface at a lower temperature. Although there is no 
reactive interface formation, core level photoemission studies reveal strong evidence 
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of charge transfer from the hydrogenated diamond to C60F36, with an upward band 
bending of 0.8 eV. This is direct evidence that the C60F36 act as surface acceptors, 
accepting electrons from the diamond, giving rise to hole accumulation on the 
diamond. 
      The reactivity is rather different in the case of the reconstructed diamond with 
surface dimer π bonds. In principle, cycloaddition-type bonding between the C60 and 
diamond should be possible. This is analogous to the chemical adsorption of C60 on 
the buckled dimer rows of a Si (100)-2×1 surface.14 Our studies show that the 
interface formed between C60 and bare diamond, arising from covalent C-C 
interaction, is quite stable, as evidenced from the observation of recyclable C60 redox 
peaks in solution. The electron affinity of a C60 fullerite film is about 4.1 eV due to 
many body effects (compared to 2.7 eV for isolated C60). However, on bare diamond, 
the surface has an ionization energy that is larger than 5.5 eV, i.e. positive electron 
affinity. This will impose a considerable energy barrier for charge transfer from bare 
diamond to C60. From the core-level photoemission studies, no discernible shift in the 
bulk C1s peak can be observed which can be indicative of any surface band bending 
arising from hole accumulation. However, in the case of bare diamond dosed with 
C60F36, the shift in the C1s bulk diamond peak to lower B.E. by ~ 0.3 eV is observed, 
although we could not ascertain if this is due to band bending arising from charge 
transfer between a heterojunction consisting of diamond and C60F36, or if it is a 
chemical effect arising from bonding interactions. The C60F36 adlayer on the bare 
surface was not as stable as that of C60, however, and desorbed from the surface 
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below 300°C. In fact, the desorption-temperature profile is similar to that of C60 on 
hydrogenated diamond, which suggests that C60F36 is only weakly bound. This may be 
due to the presence of F in C60F36 which hinders the Van der Waals packing of C60F36 
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Chapter 6 In-situ X-ray Photoelectron Spectroscopy Studies 
of Metal Sulfide and Germanide Growth Using Single 
Source Precursor 
 
6.1. Formation of Various Species Using Single Source Precursor Mo(Et2NCS2)4 
    The one-step synthesis of the single source precursor Mo(Et2NCS2)4 has been 
described in Section 2.2.4. The major thermal decomposition pathway of 
Mo(Et2NCS2)4 was confirmed by our temperature programmed desorption studies to 
follow reaction  Mo(Et2NCS2)4→MoS2(s)+C2H4(g)+HCN(g)+S6(g) (T>250°C) on 
the elemental substrates we utilized. The carbon, sulfur, and nitrogen moieties in the 
molecule escape as gaseous ethylene, sulfur, and hydrogen cyanide, respectively, 
following the decomposition1. Although the synthesis of the precursor molecule had 
been reported before2, its application in the growth of MoS2 materials was first 
demonstrated in our lab. Several interesting works have been carried out earlier in our 
lab. For example, Zhang et al.1 have synthesized edge-oriented MoS2 nanosheet and 
demonstrated the micron-scale lithography and the immobilization of DNA and 
immunoglobins on its surface. Although bulk MoS2 is non-magnetic, such nanosheet 
exhibited weak magnetism, which can be attributed to the presence of edge spins on 
the prismatic edges of the nanosheets3. Meanwhile, the same precursor can also be 
used to fabricate nanotules by simply using a tempelate. These nanotubles showed 
good optical limiting behaviour with 532 and 1064 nm nanosecond laser pulses4. 
    Fig. 6.1 shows the scanning electron micrographs of the four types of products 
which can be generated from the Mo(Et2NCS2)4 precursor. Fig 6.1 (a) shows the 
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image of a MoS2 film grown on nickel by dosing the precursor on the substrate at 400 
°C. Oriented triangular-type facets which are typical of the (0001) MoS2 crystal 
planes can be observed. On all elemental substrates, MoS2 can be grown using this 
precursor, although the highest quality basal-oriented films are grown on nickel. On 
an Au-coated substrate, alternative phases can be obtained after thermally annealing 
the pre-grown MoS2 phase on these samples to temperatures higher than that 
necessary to grow MoS2. Fig. 6.1 (b) shows the MoSi2 film grown on Au-coated 
silicon, whilst Fig. 6.1 (c) shows the MoGe2 nanocrystals grown on Au-coated 
germanium. Fig. 6.1 (d) shows the carbon nanofibers grown by dosing the precursor 
at 1000 °C on Au-coated silicon. An interestingly diverse range of products can be 
generated from one single source precursor on various substrates. What is the 
heterogeneous chemistry that controls the reaction pathway on these substrates? 
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Fig. 6.1 SEM images of products from the decomposition of Mo(Et2NCS2)4 on (a) 
nickel at 450oC, (b) Au-coated Silicon at 700oC, (c) Au-coated Ge at 600oC, and (d) 
on Au-coated Si at 1000oC. 
 
6.2 Formation of MoS2 phases 
Table 6.1 Tabulation of observed and literature binding energies 















Mo(Et2NCS2)4 232.1 ⁄ 164.7 ⁄ 84 ⁄ ⁄ 
MoS2 229.7 229.8 163 162.9 84 ⁄ ⁄ 
MoGe2 228.8 228 ⁄ ⁄ 84.8 29.4 ⁄ 
MoSi2 227.8 227.7 ⁄ ⁄ 84.7 ⁄ ⁄ 
Mo ⁄ 228 ⁄ ⁄ ⁄ ⁄ ⁄ 




XPS was used to study the changes in binding energies of the various elements 
following the adsorption of the Mo(Et2NCS2)4  precursor on different substrates, and 
subsequently annealed to form different chemical phases. Table 6.1 lists the binding 
energies (B.E.) of the various phases observed in this work that were grown using the 
Mo(Et2NCS2)4  precursor. The binding energies reported in literature are listed for 
comparison when available5-7. The binding energies of the Mo 3d peaks in the 
adsorbed precursors (refer to Table 1, Mo 3d5/2 at 232.1 eV) are typically more than 2 
eV higher than the subsequent Mo phases. Besides the electron-withdrawing effect of 
the diethylaminodithiocarbomato ligand, another reason is due to the molecular nature 
of the precursor compared with the solid phase compound, as it is well known that the 
inter-atomic relaxation shift in the solid state will lead to a lower binding energy 
compared to the free atom or molecular state. An illustrative example is the XPS 
spectra of Mo 3d shown in Fig. 6.2, where Fig. 6.2 (a) denotes the Mo 3d state for the 
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Mo(Et2NCS2)4 precursor dosed onto a germanium (100) substrate. Besides the spin-
orbit coupled Mo 3d5/2 and 3d 3/2 peaks at 232.1 eV and 235.2 eV, respectively, a third 
peak can be seen at 228.4 eV, which is attributed to S 2s. The atomic ratio of Mo to S 
was calculated to be ~1:5 at this stage, which is lower than the expected ratio of 1:8 
for the pristine molecular precursor. This suggests that during the evaporation and 
adsorption process of the precursor, some ligands may have already dissociated. After 
annealing to 200 °C, the Mo 3d doublet shifts to positions characteristic of MoS2. The 
S 2s peak has also reduced noticeably in intensity, due to the loss of S in the 
decomposition path towards stoichiometric MoS2. In this case we found the Mo:S 
ratio agrees with the stoichiometric 1:2 ratio by comparing the peak intensity ratios of 
the Mo 3d and S 2p.  
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Fig. 6. 2 XPS spectra of the Mo3d states as a function of temperature for the precursor 
dosed onto Ge substrate, beginning from (a) Room temperature absorption, to after 
heating to (b) 200oC, (c) 300 oC, (d) 400 oC, (e) 500 oC, (f) 600 oC. 
 
Fig. 6.3 shows the corresponding C 1s peak, beginning from the adsorbed 
precursor phases. The C 1s peak can be deconvoluted into at least two components at 
284.4 eV and 285.9 eV, respectively. It is noteworthy that the higher binding energy 
peak vanished in intensity after annealing to 150-250 °C. Temperature programmed 
desorption studies indicates that β-elimination of ethylene from the surface (data not 
shown) occurred at this point, so the higher B.E. peak may be assigned to the ethyl 
moieties in the precursors. The other component of the C 1s peak at 285.9 eV can be 
attributed to carbon in the [N-C-S2] moiety of the ligand. Both components reduced in 
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intensity and a new carbon peak, centering at 285 eV was formed after annealing, 
which may be atttributed to surface carbidic species. Fig. 6.4 shows the changes in the 
intensity of the C 1s peak with substrate annealing temperature. There is a drop of 
more than 95% in intensity after annealing to 150 °C, which is an evidence that the 
precursor decomposes cleanly on the germanium surface to form a stoichiometric 
MoS2 phase. Among the different substrates, we found that carbon retention on Ge 
was the lowest. The carbon retention on other substrates such as silicon is higher due 
to the ease of forming carbides. 
 































 Data         Composite Fit        Carbon deposited Fit
 Carbon due to C2H5 Fit              Carbon due to N-C-S Fit
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Fig. 6.3 XPS spectra showing the evolution of the C 1s state as a function of 
temperature for Mo(Et2NCS2)4 precursor dosed onto Ge (111) substrate at (a) room 
temperature; followed by annealing to (b) 200 C, (c) 300 C, (d) 400 C, (e) 500 C and 
(f) 600 C. 
 







































Fig. 6.4 Plot showing the changes in C 1s intensity as a function of annealing 
temperature following the adsorption of the precursor Mo(Et2NCS2)4 on germanium, 
as well as on Au-coated Ge. 
 
We have investigated the growth of MoS2 on different substrates using the 
precursor. The XRD spectra of the resultant MoS2 films grown on nickel, germanium, 
and mica are listed for comparison in Fig. 6.5. It is remarkable that on nickel and 
mica, only the (000,l) peaks are observed, with all these peaks showing very sharp 
full-width-at-half maxima (FWHM) on nickel comparable with single crystal MoS2. 
These characteristics evidence the growth of basal plane-oriented MoS2 on nickel.8,9 
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On other substrates such as silicon and germanium, diffraction peaks originating from 
edge-oriented planes such as (103), (110) are observed in addition to the basal 
oriented planes.  

































































Fig. 6.5 XRD spectra of the MoS films grown on. (a) Mica; (b) Ni/Si; (c) Si; (d) Ge; 
(e) on Au/Ge. Note that for the films grown on mica and nickel, only the (000, l) 
peaks where l =2, 4, 6 can be observed. 
 
6.3 Formation of MoGe2 phases on Au-Ge 
 To investigate the possibilities of preparing other phases, we evaporated gold 
on the germanium. The XRD spectra in Fig. 6.6 show the sequential evolution of new 
phases beginning from the Au-coated Ge sample initially, to the subsequent growth of 
MoS2, and finally to the emergence of the α-orthorhombic MoGe2 phases. After the 
Mo(Et2NCS2)4 precursor was dosed onto this sample and annealed to 300°C , 
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crystalline MoS2 was grown as judged by the presence of peaks related to the basal 
and edge planes of MoS2, the reactivity was similar to that on the pure Ge surface. 
What is remarkable is that after the MoS2 film is annealed to 500 °C, the XRD 
spectrum shows the transformation into predominantly alpha orthorhombic MoGe2 
phase.10 This indicates clearly that the MoGe2 arises at a later stage, after the 
displacement of S from MoS2. 





























































































































Fig. 6.6 XRD spectra showing (a) Au-coated Ge before dosing the precursor, and after 
dosing and annealing leading to the the growth of (b) MoS2 and (c) MoGe2. 
 
A more detailed insight into the changes in chemical bonding is derived from 
XPS studies. Fig. 6.7 shows the XPS spectra of the Mo3d state after the evaporation 
of the precursor on the Au-coated Ge substrate. The initial reaction pathways, leading 
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to the growth of MoS2, are similar to those on bare Ge up to a temperature of 350 °C. 
Above this temperature, however, we observed a total attenuation in the S signal, and 
a shift of the Mo 3d doublet to even lower binding energies at 228.8 eV, suggesting 
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Fig. 6.7 XPS spectra of the Mo3d5/2 and Mo3d3/2 states after the evaporation of the 
precursor on the Au-coated Ge substrate, followed by annealing to elevated 
temperatures: (a) room temperature adsorption; (b) 150oC; (c) 250oC; (d) 350oC; (e) 
450oC; (f) 550oC; (g) 650oC. 
 
Fig. 6.8 shows the changes in the sulfur signal following the thermal annealing 
of MoS2 films grown on Au/Ge, versus that grown on Ge. It can be seen that for MoS2 
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grown on Au/Ge, the S 2p signal declines to vanishing intensity after heating above 
450 ºC, compared to a stable intensity of S 2p signal for MoS2 grown on pure Ge. 


































Fig. 6.8 Plot showing the changes in the S 2p intensity as a function of annealing 
temperature for MoS2 films grown on Au-Ge, versus that grown on Ge. The inset 
shows temperature for the corresponding S 2p peaks of MoS2 on Au-Ge. (a) room 
temperature; (b) 150oC; (c) 250oC; (d) 350oC; (e) 450oC. 
 
Fig. 6.9 shows the XPS spectra of the Ge 2p peaks. Initially, due to the presence 
of a thin layer of gold on the surface, no Ge peak can be seen until the surface is 
heated to 150 °C, at this early stage we believe that the Ge exists in the form of GeOx, 
and with heating it transforms into elemental Ge at 250 °C. With further heating, the 
elemental Ge signal increases in intensity. This could be due to the partial evaporation 
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of Au from the surface coupled with the diffusion of Ge into Au to form an Au-Ge 
eutectic alloy above 350 °C. However we could not distinguish between the Ge 2p 
binding energy of elemental Ge that is present in our substrate from that of MoGe2, 
because no significant shifts in the Ge 2p peaks can be discerned up to an annealing 
temperature of 650 °C, although XRD analysis of the film at this point confirms the 
growth of crystalline MoGe2 phase.  
































 Data        Composite Fit        Backgound
 Ge due to GeO2        Ge due to elemental Ge          
 
Fig. 6.9 XPS spectra of the Ge 2p peaks on Mo(Et2NCS2)4-dosed Au-Ge after 
annealing to elevated temperatures. (a) 150oC; (b) 250oC; (c) 350oC; (d) 450oC; (e) 
550oC; (f) 650oC. 
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To distinguish elemental Ge from MoGe2 further, we performed the same 
experiments in another surface analysis system equipped with synchrotron radiation 
using 500 eV excitation energy. We monitor the Ge 3d peak since this valence level is 
more sensitive to bonding information. Fig 6.10 shows the spin-orbit resolved Ge 
3d5/2 and Ge 3d3/2 doublet. Fig 6.10 (a) shows the Ge3d doublet peaks before MoGe2 
formation, the B.E. position at 29.1 eV is consistent with that of elemental Ge. A shift 
of these peaks by ~0.3 eV towards higher B. E. after heating to 600 °C, the 
temperature corresponding to the emergence of the MoGe2 phase, can be seen. The 
fact that this is a surface reaction can be judged by the return of the Ge 3d peaks to 
positions consistent with bulk Ge 3d after argon-sputtering away the surface films. 
The interface profile is controlled by the kinetics of diffusion of Ge adatoms from the 
bulk through the intermixed Mo-S-Au-Ge layer. However it is not clear if the shift in 
Ge 3d is induced by Ge-Mo bond formation, or Ge-Au bond formation. Previous 
studies of Au-Ge interfacial mixing reveals a 0.1-0.4 eV shift of the Ge 3d peak 
towards the lower binding energy relative to the bulk, so the shift towards the higher 
binding energy in this case may be associated with Ge-Mo bond formation. 
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 Data     Composite Fit     Background
 Mo 3d3/2 Fit                     Mo 3d5/2 Fit 
 
Fig.6.10. High resolution XPS spectra of Ge 3d after annealing to (a) 300oC; (b) 
600oC; (c) after sputtering away the surface layer. Sample: Mo(Et2NCS2)4-dosed Au-
Ge.  
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 Data                                   Composite fit
 Au in the film fit                 Au in the substrate fit
 
Fig. 6.11 High resolution XPS spectra of Au 4f after annealing to (a) 300°C; (b) 600 
°C; (c) after sputtering away the surface layer. Sample: Mo(Et2NCS2)4-dosed Au-Ge .  
 
High-resolution XPS spectra shown in Fig. 6.11 support the role of Au 
participating in the alloy formation reaction. When the Au-Ge substrate is annealed to 
300 ºC, a higher binding energy component at 84.8 eV emerges in the spectrum 
relative to the elemental Au 4f peak at 84 eV. We assign this component to the 
Au3Ge-like alloy phase, in agreement with a previous report by Ruckman11 who 
observed a 0.85 eV shift towards the higher binding energy relative to bulk Au during 
the development of an Au3Ge-like mixture. If the film is further annealed to 600ºC, 
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the XPS Au 4f spectra shows a complete shift in the binding energy position from the 
elemental Au position at 84 eV to 84.8 eV.  This indicates complete interfacial 
mixing and homogenization to produce the Au3Ge alloy, facilitated by greater 
diffusion of Ge from the bulk. This is a clear demonstration of thermodynamic non-
equilibrium behaviour of the phases due to intermixing of atoms across thin 
interfaces, because Au-Ge compounds do not exist in the bulk phase diagram.  
 The Raman spectrum of the MoGe2 phase is shown in Fig. 6.12. There have 
been no previous reports of the Raman spectrum of this compound, due perhaps to the 
absence of A single crystal phase for Raman analysis. Since the material is 
polycrystalline and not highly oriented, no polarization dependence was observed in 
the Raman measurement. Therefore, we have to do tentative analysis of the peaks 
observed. Based on the lower symmetry Wayckoff’s notation 4c for the Pnma 
structure, the number of allowed Raman modes will be 6, i.e. 2Ag, 1B1g, 2B2g, 1B3g 
and all these peaks are expected to occur lower than 300 cm-1. Therefore the peaks at 
225, 237 and 252 cm-1 can be assigned to these modes, as shown in Fig 6. 12.  
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Fig. 6.12 Raman spectrum of MoGe2 phase obtained by dosing of Mo(Et2NCS2)4 on 
Au-Ge substrate.  
 
Analogous eutectic-phase chemistry is observed for the thermally-induced 
growth of MoSi2 from pre-grown MoS2 on an Au-coated silicon. Fig. 6.13 shows the 
XRD spectra detailing the phase transition from MoS2 into MoSi2 after the former 
was annealed on Au-coated silicon to elevated temperatures. The spectrum of MoS2 
on silicon is listed for comparison to show that in the absence of gold, no silicide 
compound can be formed between MoS2 and silicon. We like to point out that the 
cubic SiC phase is also formed together with the MoSi2 phase simultaneously. This 
may arise from the reaction of silicon with residual carbon on the surface. It appears 
both phases precipitated out simultaneously from the eutectic melt.  
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Fig. 6.13 XRD spectra detailing the phase transition from MoS2 into MoSi2 after the 
former was annealed on Au-coated silicon to elevated temperatures. Note that some 
cubic SiC phase is formed as well when silicon reacts with the residual carbon species 
so a composite MoSi2/SiC phase is formed. (a) MoS2 after annealing to 300 oC; (b) 
mixture of MoS2 and MoSi2 at 500 oC; (c) MoSi2 at 700 oC; (d) MoSi2 at 800 oC. 
 
Fig. 6.14 shows the deconvoluted XPS spectra detailing the Mo 3d peaks and its 
transformation into MoS2 and MoSi2 phases. There is a shift of ~ 2eV towards the low 
B.E. side after the formation of the silicide phase, with the Mo 3d peaks located at 
227.7 eV relative to 229.8 eV for MoS2. The onset for the growth of MoSi2 is closely 
related to the formation of the Au-Si alloy.   
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Fig. 6.14 Deconvoluted Mo 3d spectra following the thermally induced 
transformation from MoS2 into MoSi2 phases on Mo(Et2NCS2)4-dosed Au-Si. (a)  
400 oC; (b) 500 oC; (c) 600 oC; (d) 700 oC; (e) 800 oC; (f) 900 oC. 
 
If the Mo(Et2NCS2)4 precursor was dosed onto the substrate at 1000ºC, we found 
that the decomposition pathway changed such that the carbon moieties were not 
eliminated, but became incorporated on the substrate due to complete decomposition. 
In such a case, Raman analysis of the surface after deposition reveals the growth of D 
and G bands of carbon similar to carbon nanotubes, as shown in Fig 6.15. SEM 
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visualization of the surface in Fig. 6.15 reveals that the surface consists of dense cone-
shaped nanofibers. Transmission Electron Microscope analysis of the nanofibers 
reveals that the nanofibers form a capsule that is hollow internally, with crystalline 
walls surrounding the hollow as judged from the presence of moire stripes, 
highlighted in Fig. 6.15. Energy dispersive X-ray analysis of the walls reveals the 
incorporation of elements from the precursor such as Mo and Si into the walls. There 
is clearly a potential for the development of metal-incorporated carbon nanostructured 
films via this single source precursor route, which will be the subject of future studies.   
 
Fig. 6.15. (Top left) SEM images of carbon nanocones formed by decomposing the 
Mo(Et2NCS2)4 precursor on Au-coated silicon at 1000 oC. (Top right) TEM image of 
the hollow carbon nanocone. (Bottom left) EDX pattern of the carbon nanocone. 




 The high melting points of MoS2, MoSi2 and MoGe2 prohibit conventional 
evaporation approaches for thin film growth. Our study demonstrates that a single 
source precursor CVD approach is feasible for the synthesis of these phases at lower 
temperatures compared to energy-intensive processes used in industry. We have 
shown that on elemental substrates, the decomposition of the Mo(Et2NCS2)4 precursor 
results largely in the clean deposition of crystalline MoS2. On substrates such as mica 
and nickel, high quality growth of basal plane-oriented, hexagonal MoS2 is obtained. 
On substrates such as Ge and Si, mixed-phase (rhombohedral and hexagonal) as well 
as mixed-orientation (basal and edge orientations) MoS2 are obtained instead, which 
underpins the importance of controlling the surface for controlled textured growth. 
There is a thermodynamic driving force towards stoichiometric MoS2 with the 
elimination of excess sulfur and carbon from the precursors once the substrate 
temperature is increased to 400 ºC and above. This is the first demonstration of the 
growth of crystalline MoS2 by the thermal evaporation of a single source precursor. 
The advantages of this precursor include its ease of preparation and air-stability, in 
contrast to most Mo precursors which have to be handled in inert atmosphere. The 
evaporation route is industrially compatible with large-area synthesis, and the 
elimination of H2S as the reactant reduces the safety hazards of toxic gas.  
 We have also demonstrated a unique route for the preparation of alternative 
molybdenum phases such as MoSi2 and MoGe2 by using Au-Si or Au-Ge eutectic 
phases to act as an interface for diffusional-displacement type reactions to proceed 
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between the substrate and MoS2. MoSi2 and MoGe2 are borderline intermetallic-
ceramic compounds which require energy-intensive, high-temperature arc melting 
synthetic processes.   MoSi2 is an important matrix material for high temperature 
structural composites. It is interesting that in this study, we found that the 
decomposition of the precursor results in the simultaneous growth of crystalline cubic 
SiC and tetragonal MoSi2, and that these two phases are thermodynamically stable 
with respect to each other. 
 Mo(Et2NCS2)4 + Au-Si → SiC + MoSi2 + volatile side products  
The growth of SiC phases results from the reaction of silicon with the surface-
retained carbon following the decomposition of the precursor. Because GeC does not 
exist as a stable phase, we did not observe the formation of GeC for similar 
experiments carried out on Ge. Industrial application of MoSi2 as a structural matrix 
has been limited due to the brittle nature of the material at ambient temperature, its 
high creep rate and accelerated oxidation at elevated temperatures. SiC-reinforced 
MoSi2 has been found to show improved creep properties, low temperature fracture 
toughness and strength.12,13 The thin film CVD process discovered here may be useful 
for the formation of SiC-reinforced MoSi2 films in silicon-based micromechanical 
parts by coating the parts with the Mo(Et2NCS2)4 precursor, followed by heating.  
In the absence of an Au interface between MoS2 and the substrate, annealing to 
1000 °C on either Ge or Si substrates alone did not result in solid state substitution of 
S in MoS2 by either Ge or Si, due to the thermodynamic stability of MoS2. However, 
if the MoS2 is grown on an Au-coated substrate such as silicon or germanium which 
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forms eutectic alloy with Au, MoSi2 or MoGe2 are readily formed at temperatures 
below 600 °C. Au alone does not produce the same effect, since control experiments 
carried out by dosing the Mo(Et2NCS2)4 precursor on Au film coated on non-eutectic 
substrate produced only MoS2, and did not result in dissociation of MoS2 up to 1000 
ºC. According to the binary phase diagrams of Au and S14, as well as Au and Mo, no 
solid solutions or eutectic exist and these elements are immiscible at all compositions. 
The same can be said for Mo and Ge, as well as Mo and Si. The Au-Si and Au-Ge 
systems however show eutectic composition at 363 °C and 361 ºC for 18.6 atomic % 
of Si and 28 atomic % of Ge, respectively. Experimentally, we observed that the onset 
for MoGe2 or MoSi2 growth is near, or slightly higher than the temperature of ~360 
°C, which is the eutectic temperature for the Au-Ge or Au-Si systems. This indicates 
that the formation of a eutectic is necessary for the effective intermixing of the atoms 
across the interface. The displacement of S in MoS2 by Au, perhaps to form Au-S 
chemical bonds, facilitates the bonding of Mo to Si or Ge to form the respective 
silicide or germanide phases. The formation of the Au eutectic, the removal of S from 
MoS2, and the formation of Mo-Ge bonds occurred simultaneously. Therefore, we 
propose that the displacement-diffusional reaction proceeds through a eutectic phase 
as described by the equation below: 
  MoS2 (s) + 2Au-Ge (eutectic)→ MoGe2 (s) + 2AuS (g) ↑ 
Given the dynamic nature of the atomic bonds in the eutectic, and the strength of the 
Au-S chemical bonds in the products, the reaction in the forward direction is expected 
to be exothermic. The eutectic acts as a transient phase for bond displacements to 
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proceed, and thermodynamically more stable solid phases will segregate from the 
intermixed components. For this reason we observed tetragonal MoSi2, or 
orthorhombic MoGe2 as the final products which are predicted by bulk 
thermodynamics to be the stable phase 
      Not much is known at present regarding the properties of MoGe2 or any of the 
crystalline phases, although there is interest in the amorphous MoGex phase due to the 
fundamentally interesting dependence of its electronic properties on its composition, 
which can exhibit diverse variation from metallic, superconductor to semiconductor 
behaviour.15 At room temperature, the Mo-Ge binary system has six stable phases: 
Ge-rich solid solution, Mo-rich solid solution, α-MoGe2, Ge23Mo13, Ge3Mo5, and 
GeMo3.16 The amorphous, disordered phases cannot be detected by the simple XRD 
experiment here, although its presence cannot be ruled out during the early stages of 
formation. In this work, among the various possible crystalline phases, we detected 
only the α-MoGe2 phase by XRD. For thin interfaces, the homogenization of the 
products could be attained rapidly due to enhanced diffusion. At present the scientific 
interest in the literature seems to be directed mainly at the amorphous phase. Using 
bulk crystallization methods, the preparation of the amorphous metal-metalloid (eg. 
Mo-Ge) phase requires rapid quenching from a liquid and the amorphous phase exists 
only for a narrow range of concentrations near the eutectic composition. However by 
using vapor phase deposition, as well as thin interfaces to control the elemental supply 
and diffusion rate, it might be possible to prepare homogeneous alloys of amorphous 
MoGex in a wider compositional window, and at conditions far from thermodynamic 
157 
equilibrium. More work is needed to examine if a variation of the thickness of gold 
and germanium, coupled with the different dosing time of the Mo(Et2NCS2)4 
precursor, can widen the range of composition attainable for amorphous MoGex 
phases, other than the orthorhombic MoGe2 observed in this work. 
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Chapter 7 Conclusion 
 
  This thesis investigates the adsorption and chemical reactions of organic 
molecules and inorganic precursors on surfaces. The work described in Chapters 3-5 
of the thesis focuses on the HREELS characterization of organic molecules on 
diamond, with a view to the surface modification of diamond using hydrocarbon and 
supramolecules. In Chapter 6, the adsorption of single source precursors on metal, 
followed by heat-induced interfacial solid state reactions and the subsequent growth 
of inter-metallics is presented.   
  Our results demonstrate that reconstructed diamond surfaces can be efficiently 
functionalized by the covalent attachment of multi-functional molecules possessing 
unsaturated bonds. For example, the use of allyl organics provides a versatile method 
to attach a wide selection of functionalities on the reconstructed diamond C(100)-2×1, 
such as –OH, –COOH, and -Cl. The organic functionalization method is reversible, 
since these organic molecules can be desorbed upon annealing to above 200oC. The 
fact that [2+2] cycloaddition products can be formed on the clean diamond C(100)-
2×1 surface suggest that these surface reactions are exceptions to the Woodward-
Hoffman rules. In fact, the validity of the Woodward-Hoffman rule is questionable 
when applied to condensed matter system, since the rules apply mainly to isolated 
molecular orbitals of molecules with distinct symmetry, and not to delocalized 
electrons systems characterized by a Fermi energy. Electron transfer between the 
molecule and the valence band states or gap states in the diamond may proceed when 
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these are facilitated by proper bonding geometry. For example, the chemisorption of 
acetylene on bare diamond surfaces was observed. The C=C vibrations observed in 
the HREELS spectrum of adsorbed acetylene suggest the formation of a [2+2]-type 
cycloadduct. The acetylene molecule probably adsorbs with its bond axis in the plane 
of the diamond surfaces, according to the angular dependence of the anti-π orbitals of 
adsorbed acetylene in NEXAFS.  In the case of 1,3-butadiene, it undergoes the 
symmetry-allowed [4+2] cycloaddition to generate a cycloadduct that is thermally 
stable to 500 oC on diamond. The steric factor may also account for the stability of the 
adsorbed 1,3-butadiene, compared to the strained 4-member ring in the [2+2] adduct. 
One limitation of the HREELS study is that quantification of surface coverage, as 
well as sticking probability, is difficult. Later work carried out by Hoh1 did confirm 
the appreciable sticking probability of acetylene (S=0.52) and butadiene (S=0.89) on 
the reconstructed diamond (100) surface. 
    We found that hydrocarbon termination of diamond surfaces can lower the 
surface electron affinity (EA). The adsorption of allyl organics, acetylene, and 1,3-
butadiene on the clean surface is found to lower the electron affinity of the diamond 
(100)-2×1 surface significantly. The secondary electron yield obtained is significantly 
higher than that of the bare surface, but is less than that of the hydrogenated diamond 
surface due to the lower surface coverage. Reversible and tunable NEA can be 
achieved by the attachment of organic groups on diamond.  The surface C-H dipole 
that is responsible for lowering the EA on hydrogenated diamond plays similar roles 
in the case of hydrocarbon-adsorbed bare diamond. The presence of C-H dipoles on 
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these hydrocarbons modify the surface charge density and gives rise to an induced 
dipolar layer that modifies the electrostatic potential outside the surface. However, the 
changes in electron affinity depend on the orientation of the surface dipoles, i.e. the 
direction of the C-H bonds, and may not scale linearly with the coverage of the 
organic molecules due to the change in adsorption geometry with increasing coverage 
in order to minimize steric repulsion. A C-H bond that is aligned parallel to the 
surface normal will have a Cδ--Hδ+ dipole facing the vacuum and will be most 
effective in lowering the electron affinity on the surface.  Due to this reason, while 
the adsorption of hydrocarbons can give rise to the condition of NEA, the NEA value 
is smaller than that on fully hydrogenated diamond because not all C-H bonds in the 
adsorbed organic molecules are aligned with the substrate normal. The practical 
implication of the work is that when diamond is used as a cold cathode (electron 
emitter based on negative electron affinity properties, instead of thermionic emission), 
exposure of the diamond surface to hydrocarbon can terminate the surface with C-H 
dipoles that helps to maintain NEA on the surface, and extends its operational 
lifetime. 
  Adsorption and thermal desorption of a series of aromatic molecules has been 
studied on the diamond (111)-2×1 surface using HREELS. It was found that this 
surface can exhibit good reactivity to a wide range of multifunctional aromatic 
molecules and that the reactivity is influenced by the functional groups attached to the 
benzene ring. Although no direct visualization of the adsorption structures could be 
obtained, it can be inferred that the surface Pandey chain is highly reactive. From the 
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HREELS spectra alone, we can only conclude that these multifunctional organic 
molecules can undergo more than one reaction pathway due to the presence of 
internal and external unsaturated bonds in the phenyl ring. In such a case, the reaction 
products may be determined by a complex interplay of factors like steric repulsion, 
aromaticity and symmetry of frontier orbitals. Future work should involve the use of 
atomic visualization techniques like STM to study how these organic molecules 
interact with the Pandey chain.  
    From organic molecules, we moved on to supramolecules in Chapter 5. We 
demonstrated that a thermally robust C60-diamond interface arising from C-C bonding 
can be formed on a reconstructed diamond (100)-2×1 surface. Based on  our 
knowledge, this is the first report of C60 chemisorption on bare diamond. The 
covalently bonded interface is sufficiently stable in solution to allow electrochemical 
charge transfer to proceed, such that C60 redox peaks can be obtained. The formation 
of C-C bonds at the interface also passivates the surface against oxidation and 
hydrogenation. Desorption of the C60 from the bare diamond surface occurs at 
temperatures greater than 500 °C, and surface transfer of hydrogen to the residual 
fragments of the C60 can be observed by HREELS. The binding of C60F36 on the bare 
diamond is weak and no stable interface can be formed. On hydrogenated diamond, 
C60F36 is an efficient transfer dopant, it induces an upward band bending of 0.8eV in 
diamond at one monolayer coverage. The results suggest that although a stable 
interface arises from covalent bonding between C60 and bare diamond can result, the 
“surface transfer-doping” is not as strong as that of physisorbed C60 on hydrogenated 
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diamond. This is due to the absence of negative electron affinity in the case of the 
reconstructed diamond which increases the ionization energy of diamond. 
Conceptually, the results suggest that surface transfer-doping can proceed across a 
physisorbed interface (hydrogenated diamond) where no direct chemical bonding 
occurs between diamond and the organic molecules. The problem is that such a 
physisorbed interface is not stable and not suitable for device fabrication. It is 
interesting to consider the possibility of chemically bonding an organic molecule t to 
diamond, and at the same time induce the condition of negative electron affinity on 
diamond. We have shown that the adsorption of hydrocarbons can reduce the electron 
affinity on bare diamond, perhaps the chemisorption of high electron affinity 
molecules like F4-TCNQ2 on bare diamond can induce stable surface transfer-doping 
on diamond. This will open up possibilities for fabricating lateral transistors on 
diamond based on the presence of two-dimensional holes on the diamond surface 
induced by the charge transfer to adsorbed organic molecules. 
    Lastly, in Chapter 6, we have developed a route for the clean deposition of 
crystalline MoS2 using a versatile single source precursor based on Mo(Et2NCS2)4. 
XPS studies show that the carbon moieties and excess sulfur atoms are effectively 
removed from the adsorbed precursor upon heating, allowing the clean deposition of 
stoichiometric MoS2 on a wide range of substrates from 400 ºC onwards. On Au-
coated Si and Ge substrates, the S in the MoS2 can be effectively displaced such that 
intermetallic MoGe2 as well as MoSi2 compounds are formed at temperatures higher 
than 400 ºC. These are explained by the presence of the Au-Ge or Au-Si eutectic 
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interface which allows the diffusional-displacement reaction to proceed. Thus, the 
Mo(Et2NCS2)4, as a single source precursor, is highly versatile and opens up new 
possibilities for the growth of molybdenum ceramic-intermetallic compounds at 
temperatures much lower than conventional solid state displacement reactions.   
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